Numerical Analysis of Non-Reacting Flow in a Multi-nozzle Swirl Stabilized Lean Direct Injection Combustor by Giri, Ritangshu

  
 
 
Numerical analysis of Non-Reacting flow in a Multi-nozzle 
Swirl Stabilized Lean Direct Injection Combustor 
 
 
A thesis submitted to the 
 
Division of Research and Advanced Studies of 
the University of Cincinnati 
in partial fulfillment of the requirements for the degree of 
 
 
 
Master of Science 
in the Department of Aerospace Engineering and Engineering Mechanics of 
the College of Engineering and Applied Science 
2015 
 
 
By 
Ritangshu Giri 
B.Tech, National Institute of Technology Silchar, 2008 
Committee Chair: Dr. Ephraim Gutmark 
Distinguished Professor and Ohio Eminent Scholar  
  
 
 
Abstract 
 
A multipoint lean direct injection (MLDI) concept was introduced recently in non-premixed 
combustion to obtain both low NOx emissions and good combustion stability.  In this concept a 
key feature is the injection of finely atomized fuel into high swirling airflow at the combustor 
dome that provides a homogenous, lean fuel-air mixture.  In order to achieve fine atomization 
and mixing of fuel and air quickly and uniformly, a well designed swirler system is imperative. 
The present study aims to investigate non-reacting aerodynamic flow characteristics in one such 
swirl stabilized multiple lean direct injection (MLDI) nozzle system, using the capabilities of 
computational fluid dynamics (CFD).  The fuel nozzles were designed and provided by United 
Technologies Aerospace Systems (UTAS).  The commercial CFD solver Fluent (Ansys Inc, 
USA) is incorporated to solve the 3-D Navier-Stokes equations for different CFD numerical 
formulations and, hence simulate the turbulent swirling flowfield generally associated with such 
systems.  Two separate studies were conducted.  The first study analyzed the effect of swirl on a 
turbulent flowfield in a rectangular chamber with sudden expansion, where the complex nozzle 
system housing air swirlers and a fuel injector were replaced by simple cylindrical inlets.  The 
second study investigated typical aerodynamic flow features associated with the actual system.  
The domain for conducting simulations were the entire geometry in both cases.  First a trusted 
grid is developed by carrying out grid refinement analysis for both studies.  Then a comparison 
of different Reynolds-Averaged Navier Stokes (RANS) turbulence model were carried out for 
both cases.  The time averaged Particle Image Velocimetry (PIV) data was used as a basis of 
comparison and the model most closely matching those values was finalized for further 
numerical computations.  Steady state was employed for both set of problems. 
For the first problem, different swirl intensities were incorporated at the cylindrical inlet to study 
the changing structure of flowfield.  The flow is driven by the strong interaction between 
swirling shear layer instabilities and flow instabilities driven by sudden expansion of rectangular 
chamber.  The results show that optimum swirl intensity makes the flowfield much more stable 
than a flowfield without it.   
The second numerical analysis of the actual geometric model was further subdivided into two 
sections.  The first section studied the flowfield changes in this complex model by incorporating 
different mass flow rates for the same nozzle spacing of S = 1.36d.  The solution captures the 
essential flow features generally associated with a non-reacting swirling flowfield in a LDI 
combustor.  In addition to that it also captures the highly complex flow interaction among 
swirlers and the dynamic unsteady flow behavior in the proximity of chamber. 
 
 
 
  
 
 
 
 
The second section analyzed the change in flowfield structure when the spacing between nozzles 
were varied from 1.1d to 2.72d.  A single nozzle case was also used as a basis for comparison. 
The results obtained were also compared to the available time averaged PIV data.  The effect of 
inter-nozzle spacing result in flows, where the nozzles interact strongly to a case where nozzles 
do not interact atleast for most of the axial locations.   
The features of non-reacting flowfield like the size of swirled jets and various recirculation zones 
seem to be affected by nozzle spacing.  Most of the differences between different nozzle spacing 
occur downstream of domeplate, after jet from inner shear layers combine into a single flow.  
This aspect is observed at different downstream locations for different nozzle spacing.  Thus the 
results provide a useable CFD model for evaluation of this flowfield while highlighting their 
areas of uncertainty.  In addition to that, they also provide useful prerequisites for conducting 
further reacting flow analysis for this particular design.          
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Chapter 1 
 
Introduction 
 
1.1 Background 
Low emissions are one of the most essential features of modern gas turbine engines irrespective 
of their applications.  The contribution of aviation gas turbines to overall anthropogenic 
emissions is relatively small compared with other sources of emissions.  Nevertheless, the 
severity of aircraft emissions is exacerbated because they are emitted in concentrated regions 
near airports and high air-traffic routes and at higher altitudes in the atmosphere (Penner, 2000; 
Herndon, 2004).  For subsonic air transport, gas turbines are the primary contributor to the 
production of harmful ozone and smog at ground level and to the formation of ozone, acid rain 
and contrails in the troposphere (Penner, 2000).  Conversely, gas turbines for supersonic flights 
cause a destruction of the protective ozone layer in the stratosphere (Penner, 2000).  Except for 
contrail formation, all the other environmental consequences mentioned in this section occur 
largely due to the emissions of nitrogen oxide (NOx).  Although most gas turbine engines for 
commercial aircraft meet the 1996 International Civil Aircraft Organization standard, the NOx 
emissions still remain a major concern owing to the adverse impacts on the environment.  In 
addition to reducing emissions, future gas turbines will be required to simultaneously increase 
fuel efficiency.  As a result, a steady rise in bypass ratio and overall pressure ratio is expected to 
be seen in future turbofan engines.  Although an increase in overall engine efficiency resulting 
from higher pressure ratio reduce the emissions of carbon dioxide (CO2) and soot, it however 
increases NOx production.  Thus, it is important to investigate a method to reduce NOx 
emissions that may be applicable to engines of higher pressure ratios.  On the other hand, for a 
fuel to air ratio close to stoichiometry, thermal NOx production is very sensitive to combustion 
flame temperature (Lefebvre, 1999).  Therefore, it is imperative to burn the fuel-air mixture at 
the lowest possible flame temperature in the combustor, which can be obtained by burning fuel 
as lean as possible while producing a homogenous mixture of fuel and air. 
The lean premixed prevaporized (LPP) combustion system, which is based on the concept of 
burning a fuel-air mixture at an equivalence ratio close to the lean-blowout limit, has earned a lot 
of success in reducing NOx emissions from industrial ground-power gas turbines (Anderson, 
1975; Brandt, 1997 and Subramaniyam, 2004).  In LPP combustor, the amount of NOx formed 
does not increase with increase in residence time for the flames, in which the temperature 
nowhere exceeds 1900 K (Anderson, 1975; Leonard and Stegmaier, 1993).  Thus, LPP systems 
can be designed with long residence times to achieve low CO and UHC, while maintaining low 
NOx levels.  However, for the advanced high pressure-ratio aircraft engines, the long time 
required for fuel evaporation and fuel-air premixing upstream of the combustion zone may result 
in the occurrence of auto-ignition and acoustic resonance or flashback. (Tacina, 1990).   
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In a Rich-burn/Quick-quench/Lean-burn (RQL) combustor, a rich burn primary zone is a fuel 
preparation zone, which is followed by a quick quench zone where the combustion gases are 
diluted.  Finally, in the lean burn zone, the burning process is completed at the relatively low 
temperatures where thermal NOx formation is minimal.  RQL combustors have been studied by 
several researchers. (Novick et al. 1982, Rizk and Mongia 1991, Feitelberg and Lacey 1997, 
Peterson et al. 2002)  In comparison to conventional combustors, RQL combustors have 
inherently better ignition and lean blowout performance because of its rich zone.  However the 
additional combustion sections of the RQL combustor bring a major disadvantage due to the 
length and weight restrictions on aircraft combustor design.  Tacina (1990) also found that a 
RQL combustor produced more NOx in comparison with the LPP due to the stoichiometric 
temperatures and NOx production that occur during the quench step.  Both LPP and RQL 
combustors were feasible to achieve the goal of the ultra-low NOx combustors.  However, some 
disadvantages found in the current LPP & RQL combustion systems are so critical that the 
engine designers have been challenged to reform them or invent another concept to substitute for 
the LPP or RQL. 
Recently, a lean direct injection (LDI) concept was introduced, as a form of non-premixed 
combustion for aircraft gas turbines, to obtain both low NOx emissions and good combustion 
stability.  LDI as the name suggests is an injection scheme that injects fuel and air separately into 
the combustion chamber of a combustor without any external premixing.  The fuel and air are 
injected in controlled amounts so as to produce a lean fuel-air equivalence ratio which produces 
low NOx emissions.  Since there is no premixing region with lean direct injection, this system 
reduces the potential for auto ignition or flashback.  In addition a lean direct injector is likely to 
be more compact and lighter than a lean premixed combustor because any premixing section or 
sections are eliminated. 
                 
 
 
 
 
 
 
 
 
                                             Figure 1.1 Low NOx concepts (Fu, 2008) 
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The potential for low-NOx LDI combustors has been demonstrated by Anderson (1981), Alkabie 
(1988) and Andrews (1989), Tacina (1990), Terasaki and Hayashi (1995) and Shaffar and 
Samuelson (1998).  Alkabie (1988) and Andrews (1989) studied the radial swirler configuration 
for the LDI combustor.  They investigated the effect of single swirler with different geometry 
and fuel placement on NOx emission.  They concluded that this kind of LDI combustor would 
satisfy the future environmental regulations, although they used natural gas instead of liquid fuel.  
Tacina (1990) correlated the NOx levels of different low emission combustor (LPP, LDI & 
RQL) concepts.  He found that LDI and LPP have the lowest NOx emissions, although for LPP 
they are offset by the operational disadvantages of its narrow stability limits, and its 
susceptibility to autoignition and flashback.  Terasaki and Hayashi (1995) showed that the NOx 
emission for a double swirler burner was only half or quarter of conventional small hub or large 
hub swirler respectively.  Shaffar and Samuelson (1998) presented a design guideline for a liquid 
fueled, lean burn, gas turbine combustor injector, which includes a fuel and air mixing section 
with an internal venture contour, which contains an aerodynamic swirler and an atomizer.  
Emissions data at elevated pressure and temperature establish that the injector has low pollution 
emissions and a high combustion efficiency.  Previous research have shown that the NOx 
emission from a LDI combustor can approach those of a LPP combustor.  However, as the fuel is 
not premixed and pre-vaporized, it is important to achieve fine atomization, and mixing of the 
fuel and air quickly and uniformly.  Thus LDI is a concept that depends heavily on the swirler 
designs.  The research for LDI combustor invokes three stages namely the study of flowfield 
structure, fuel-air mixing and combustion.  
 
1.1 Outline of Thesis 
The objectives of this research are to numerically investigate the flow characteristics of a 
particular designed swirler configuration for the LDI combustor, evaluate the performance and 
potential of this swirler design by employing different mass flow rates, using single nozzle and 
different multiple nozzle spacing and finally providing some suggestions for future work.  The 
work is divided in four chapters. 
In Chapter 2 a detailed literature study is conducted with respect to the aerodynamics of swirl 
flow, turbulent effects on the swirl stabilized flow, interaction between swirl stabilized nozzles 
and the mathematical formulation governing these flows.  The mathematical analysis is based on 
the complete conservation equations of mass and momentum.  Chapter 3 describes the numerical 
methodology followed which includes the various grid refinement studies conducted.  Two 
problems were undertaken for numerical studies involving different approaches to induce swirl.  
In addition to it, the effects of swirling flowfield structure by employing different RANS 
turbulence models were also studied.  Chapter 4 presents the results and discussion while 
Chapter 5 summarizes the conclusions and scope for future research in this area. 
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Chapter 2 
 
Theory 
 
2.1 Characteristics of Swirling Flow  
Swirling flow result from the application of a spiraling motion, a swirl velocity component being 
imparted to the flow by the use of swirl vanes, axial-tangential entry swirl generators or by direct 
tangential entry into the chamber.  Previous experimental and computational studies have shown 
that swirl has large scale effect on flowfield: jet growth, entrainment, decay, flame size, shape, 
stability and combustion intensity are all affected by the degree of swirl imparted to the flow.  
Therefore swirling flows are commonly used to improve and control the mixing process between 
fuel and oxidant streams to achieve flame stabilization and enhanced heat release rate (Beer and 
Chigier, 1972, Gupta et al. 1984). 
Mathematically, swirl is defined as ɼ = RV, where ‘R’ is the radius of the cross sectional plane 
and ‘V’ is the tangential velocity.  The parameter used for characterizing swirling flows is the 
swirl number (S), which is a non- dimensional number representing the axial flux of swirl 
momentum (GƟ) divided by the axial flux of axial momentum (Gx) times the equivalent nozzle 
radius.    
  𝑆𝑁 =  
𝐺𝜃
𝐺𝑥𝑅
                                                                                                                                  (2.1) 
where, 
 𝐺
𝜃= ∫ (𝑉𝑡𝑟)𝜌𝑉𝑧2𝜋𝑟𝑑𝑟
𝑅
0
                                                                                                                    (2.2) 
 𝐺𝑥 = ∫ 𝜌𝑉𝑧
22𝜋𝑟𝑑𝑟
𝑅
0
 ,                                                                                                                 (2.3) 
where, ‘𝑉𝑧’ is the axial velocity, ‘𝑉𝑡’ is the tangential velocity, and ‘r’ is the radial co-ordinate.  
The effects of swirl on flowfield and combustion have been studied extensively.  Beer and 
Chigier (1972), Syred and Beer (1974), Gupta, Lilly and Syred (1984) have described swirling 
flows generated by different swirlers, which provide excellent information about the different 
ways of generating swirling flow, the parameters affecting the size of the recirculation bubble, 
and the flow structures generated by different swirlers.  In Beer and Chigier’s (1972) literature, 
swirling flow can be divided into weak swirling (𝑆𝑁 < 0.6) and strong swirling flow (𝑆𝑁> 0.6).  
In weak swirling flow, the axial pressure gradients are insufficiently large to cause internal 
recirculation.  Swirl has the effect of increasing the rate of entrainment and the rate of velocity 
decay.  Axial velocity profiles remain Gaussian until a swirl number of 0.5 and subsequently 
axial velocity maxima are displaced from the jet axis resulting in a double hump type velocity 
profile.  In case of strong swirling flow, strong radial and axial pressure gradients are setup near 
the exit of the swirler, resulting in a recirculation zone in the center.  This recirculation zone in 
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the form of a toroidal vortex plays an important role in flame stabilization, as it constitutes a 
well-mixed zone of combustion products and acts as storage of heat and chemically active 
species.  Beer and Chigier (1972) also give some results of the turbulent distribution in the 
swirling flowfield and point out that the turbulent shear stress distribution is not homogenous.   
Extensive studies of the effect of swirl in a variety of combustor geometries have been reported 
in previous literatures.  Buckley et al. (1983) have shown the considerable impact of different 
swirl profiles (constant angle, forced vortex, free vortex and Rankine vortex) on the internal 
rocket/ramjet dump combustors.  Their studies clearly show the merits of using swirlers to 
enhance the performance of liquid-fueled ramjet engines.  Kilik (1985) demonstrated the effects 
of swirl vane outlet angle and the blockage ratio on the aerodynamics of downstream 
recirculation region and pressure drop through swirlers.  He also compared the effects of flat and 
curved vanes on the efficiency of swirl generation and found that the pressure loss through the 
swirler can be reduced by over 50% using curved vanes for the same vane outlet angle and 
blockage ratio.  Even though most of the earlier results were obtained using intrusive 
measurement techniques such as hot wires and pitot probes, these studies laid a good foundation 
for the follow up research work for single and multi swirler configurations.  Sheen et al. (1996) 
conducted the velocity measurements for the confined and the unconfined annular swirling jet 
flows with several Reynolds number and swirl number by using LDV system.  He concluded that 
the recirculation zones could be classified into seven typical flow patterns: stable flow, vortex 
shedding, transition, penetration, vortex breakdown and attachment.  
Another widely investigated area of swirling flow involves effect of the coaxial swirler.  Bach 
and Gouldin (1980) presented detailed time mean and fluctuating flow measurements in a model 
combustor composed of two confined coaxial swirling jets in non-reacting conditions.  They 
concluded that in this type of combustor, the outer swirl has a strong effect on the formation of 
recirculation zone and mixing characteristics in the inner shear layer.  Due to the increasing 
diffusion and dissipation of the inner swirl for counter-swirl case, the axial pressure gradient 
becomes more adverse leading to a large recirculation bubble and a large reverse flow velocity.  
Mehta et al (1989) conducted measurements in a 3x3 model to evaluate effects of swirling 
directions (counter swirl or co-swirl) on the coaxial swirling flowfield under isothermal flow 
conditions.  A central recirculation zone appears for both conditions.  However the recirculation 
zone is larger and extends to the throat of swirl cup for counter rotation.  Large, non-isotropic 
velocity fluctuations are observed in the high shear, mixing regions between the primary and 
secondary streams and in the boundary of recirculation zone.    
      
2.1.1 Vortex Breakdown 
Vortex breakdown generally refers to the abrupt change of structure which occurs above a 
certain swirl level in high Reynolds number swirling flows and is characterized by a sudden axial 
deceleration, leading to the formation of a free stagnation point, followed by a separation region 
with turbulence behind it.  As swirl is increased in columnar flow, the flow becomes more stable.  
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Breakdown however can occur in a vortex flow, preceded by a little instability, but a vortex flow 
can also become unstable without any breakdown phenomenon.   
Wang and Rusak’s (1996) analysis focused on inviscid flow in a finite length pipe with boundary 
conditions imposed at the inlet and outlet of the pipe.  They demonstrated that the critical level of 
swirl is a point of exchange of stability for any swirling flow in a finite length pipe.  They 
concluded that for supercritical flow, an asymptotically stable mode of axisymmetric distance 
exists and for subcritical flow, an unstable mode of axisymmetric disturbance exists.  According 
to Benjamin’s (1962) critical state concept, supercritical vortex flows (low swirl ratios) cannot 
support standing axisymmetric small disturbance waves, while subcritical vortex flows (high 
swirl ratios) can.  Critical vortex flows on the other hand, which may also be viewed as a 
neutrally stable disturbance mode may support the formation of an infinitely long wave.  It is 
important to note that Benjamin’s (1962) critical theory applies to an infinitely long pipe.  The 
mechanism of vortex (swirl) generation by devices such as swirlers is due to strong viscous 
effects.  On the other hand once the vortex flow is generated, the mechanism that leads to vortex 
breakdown in high Reynolds number flow is supposedly due to inviscid effects.  It is commonly 
agreed that a vortex breakdown will occur in swirling flow if the swirl number exceeds certain 
limit (S > 0.6) for swirling flow without expansion cone (Syred and Beer 1974).   
Several theories have been proposed for vortex breakdown which can roughly be categorized 
according to the following underlying ideas (Luccy-Negro and O’Doherty, 2001): 
1. The phenomenon is associated with the concept of critical state or with wave phenomena. 
(Benjamin, 1962; Bossel, 1969 and Squire, 1960) 
2. The phenomenon is a consequence of hydrodynamic instability. (Jones, 1960; Howard 
and Gupta, 1962) 
3. The phenomenon is analogous to boundary layer separation or flow stagnation. 
(Gartshore, 1962; Hall, 1967) 
Benjamin (1962) and Squire (1960) developed models independently for an axisymmetric, 
inviscid and steady vortex.  They both suggested the existence of a “critical state” which 
separates the subcritical from the supercritical flow state.  In a subcritical flow, disturbances can 
propagate upstream and downstream and standing waves are supported, whereas only 
downstream propagation is possible in a supercritical flow.  Although Benjamin and Squire 
shared the same definition for critical state, their interpretations were different: Benjamin 
understood breakdown as an abrupt and drastic change, a transition with finite amplitude, 
between two conjugate flow states, whereas Squire thought of breakdown as an accumulation of 
upstream travelling disturbances at the locus of the critical state.   
Jones (1960) associated vortex breakdown as a consequence of hydrodynamic instability.  He 
presented that a Rankine vortex is unstable only to spiral disturbances; the Hall vortex is stable to 
axisymmetric disturbances in the limits of the Rayleigh criterion with constant axial velocity.  
Howard and Gupta (1962) gave a generalized Rayleigh’s criterion for the stability to 
axisymmetric disturbances of flows with an axial component of velocity.  On the basis of flow 
stagnation of the vortex breakdown, the position of an occurrence of vortex breakdown could be 
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estimated by the quasi-cylindrical approximation (QCA).  Gartshore (1962) thought that vortex 
breakdown was due to diffusion of vorticity, accompanying the axial flow reversal rather than a 
propagation of disturbance.  He also proposed that the observed spiral flow is an evidence of this 
instability.  His method seems to predict the occurrence and position of vortex breakdown, but 
cannot account for upstream influences and cannot predict the behavior of the flow beyond the 
stagnation point. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1 Structure of a rotating spiral breakdown state and an axisymmetric bubble 
(Umeh, 2009) 
Different investigators have presented many interesting explanations.  However, while an 
interpretation appears to agree very well with one characteristic of the phenomenon, it usually 
cannot satisfy all the observed features.  Experimental evidence tends to show strong support 
towards criticality: most experimental studies seem to confirm that the flow upstream of the 
vortex breakdown is supercritical, while the flow downstream of it is subcritical.  Stagnation is 
commonly accepted as a characteristic of the phenomenon.  Instability also exists in a vortex 
breakdown.  Some investigators have tried to link these different concepts together.  Sarpkaya 
(1971, 1974) experimentally investigated the existence of a range of breakdown patterns, from a 
double helix sheet to a highly axisymmetric bubble, and examined the swirl angle distribution, 
variation of the axial velocity, and characteristics of travelling vortex breakdowns.  He observed 
three types of vortex breakdown: double helix breakdown, spiral breakdown and axisymmetric 
breakdown.  The type and location of a particular breakdown depend on a combination of 
Reynolds number (Re) and swirl number (𝑆𝑁).  He found that the vortex breakdown is a function 
of Reynolds number (Re), swirl number (𝑆𝑁), external pressure and degree of divergence of the 
flow.  The increase of Re and S will affect the modes of vortex breakdown, shifting the location 
of breakdown upstream.  Adverse pressure gradient and the diverging nozzle, which are within 
certain limits without causing flow separation, tend to promote vortex breakdown upstream.  As 
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per Lucca Negro and O’ Doherty (2001), two different forms of vortex breakdown are 
predominant in flows of large Reynolds number: bubble and spiral modes.  The bubble mode is 
characterized by axisymmetric bubble following a stagnation point on the axis, whereas spiral 
mode by twisting of the flow downstream of the stagnation point.  Due to the complicity of this 
three dimensional, unsteady and nonlinear flow phenomenon, its initialization, onset and the 
relationship of its different modes remain challenging, and no common conclusions can be drawn 
so far.  
Depending on the inlet swirl level at a given Reynolds number, the flowfield in the region of 
breakdown could take on a variety of shapes ranging from asymmetric spiral waves to a nearly 
axisymmetric bubble shape.  Figure 2.1 above show pictures of these two states for low 
Reynolds number flow (Re < 4000) and for 𝜔 >  𝜔𝑐𝑟𝑖𝑡.  Note that the spitral state first appears 
when inlet swirl ratio is increased beyond the critical swirl, 𝜔𝑐𝑟𝑖𝑡, while the bubble state appears 
as inlet swirl is further increased beyond the critical swirl.  Here,𝜔 =  
𝑊𝑚𝑎𝑥
𝑉𝑐𝑟𝑖𝑡
⁄ , 𝑊𝑚𝑎𝑥 is the 
maximum inlet axial velocity and  𝑉𝑐𝑟𝑖𝑡 is the critical tangential velocity.  In addition to these 
two forms, a third form of vortex breakdown called the double helix also exists. 
 
2.1.2 Swirl Stabilized Combustion 
In modern combustors and aviation engines, flame stabilization is achieved using swirl and the 
vortex breakdown phenomenon.  A swirling (tangential velocity) component is introduced to the 
incoming air and fuel mixture by stationary swirl vanes, which creates a swirling jet in the axial 
direction.  The combustor geometry downstream of the dome includes a sudden expansion to a 
larger chamber.  As the vortex flow exits the sudden expansion, a sharp increase in the diameter 
of the tight, coherent vortex line is forced, resulting in a decrease in axial velocity in the vortex 
core.  When the flow swirl level is strong enough, the vortex breaks down in the combustion 
chamber downstream of the dome, often forming a center recirculation zone (CTRZ) and corner 
recirculation zones (CRZ) near the dump plane.  These recirculation zones act as flame 
stabilizers by entraining fresh fuel-air mixture from the incoming flow and igniting this mixture 
in its hot reacting boundary.  The resulting flame is relatively compact, and free of regions of 
stoichiometric reactions present in rich combustors due to a less than optimum fuel-air mixture.  
The figures below show examples of a rich and a lean swirl stabilized combustor respectively. 
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              Figure 2.2 General Electric CFM56 rich dome combustor (Umeh, 2009) 
      
 
 
Figure 2.3 General Electric Twin Annular Premixing Swirler (TAPS) LPM combustor, an 
implementation of the lean premixed swirl stabilized combustor (Umeh, 2009) 
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In the rich dome combustor, a rich fuel-air mixture is injected into the primary reaction zone via 
an atomizing fuel nozzle at all engine operating conditions and most of the reaction occurs in the 
rich reaction zone shown.  Swirl is added to the incoming airflow to improve mixing.  In 
contrast, the fuel stream in a lean combustor is split into pilot (rich) and cyclone (lean) and is 
premixed with two air streams before entering the reaction zone.  A pilot flame is yellowish in 
color suggesting rich burn and a higher NOx and soot forming tendency, compared to lean 
cyclone flame, which burns with a bluish color, and has the tendency to form lower NOx and 
soot, but higher CO & UHC. 
With a properly optimized swirler, the premixed flame is located just aft of the dump plane, and 
the flame is compact, thus permitting the design of a shorter, lighter combustor in comparison to 
a diffusion flame stabilized combustor.  If the inlet swirl level is too low, the CTRZ is not 
present and the CRZ’s are too weak to anchor the flame, which may blow off easily.  On the 
other hand, if the swirl level is too high, the CTRZ moves upstream into the injection region and 
may cause flashback, autoignition and /or fuel nozzle burn.  Thermo-acoustic instabilities can 
also be driven by the oscillation of the recirculation zones, causing noise and structural 
vibrations within and around the combustor.  Grinstein et al. performed three dimensional 
numerical studies of non-reacting swirling flows in an axisymmetric swirl stabilized combustor 
with an expansion downstream of an inlet pipe.  The formation of a center toroidal recirculation 
zone around the jet axis was observed which is developed by the vortex breakdown process.    
 
2.1.3 Multipoint LDI Combustor 
One of the LDI concepts is a multipoint, fuel injection, multi-burning zone concept which is 
developed by Tacina et al. (2001, 2002, 2003, 2004) and is shown in Figure 2.4.  Each of the fuel 
injectors has an air swirler to provide rapid mixing and a small recirculation zone for burning.  
Rapid and uniform mixing, and small burning zones with short residence times, can result in low 
NOx formation.  Several air swirler designs and configuration have been studied in this LDI 
concept.  Tacina et al. (2001, 2002, 2003, 2004) conducted experimental and numerical studies 
on discrete jet air swirlers.  The NOx levels were reduced to 70% lower than the 1996 ICAO 
standard at an inlet temperature of 810 K and an inlet pressure of 2760 kPa.  The inlet swirl can 
increase combustor performance by aiding in the fuel-air mixing process and by producing 
recirculation regions which act as aerodynamic flame holders. 
 
 
 
 
 
  
19 
 
 
 
    
 
 
 
 
 
 
 
 
                             
Figure 2.4 Multipoint LDI combustor (Tacina, 2004) 
 
Recirculation can influence residence times and hence NOx production, due to which a proper 
selection and configuration of swirlers are needed.  In the LDI concept, a key feature is the 
injection of finely atomized fuel into the high swirling airflow at the combustor dome that 
provides a homogenous, lean, fuel-air mixture.  This allows for better combustion efficiency and 
reduction of NOx as well as other pollutants.  Very few papers mention the effects of different 
swirler designs on the LDI system.   
 
2.2 Flow Phenomena in Axisymmetric Sudden Expansion 
The flow phenomena in a 3-D sudden expansion pipe is complex.  Traditionally, this flow has 
been categorized into three distinct zones (Johnston, 1976): the recirculating zone, the 
reattaching zone and the redeveloping zone.  This recirculating region contains large velocity 
gradients and correspondingly high shear coupled with an adverse pressure gradient.  The 
complex recirculating zone exhibits many interesting features, like back flow velocities have 
been seen to be of the order of 10 % of the mean velocity entering the expansion (Johnston, 
1976).  This region is generated due to the presence of a solid boundary which inhibits 
entrainment of the fluid, so that a return flow originating further downstream is established.  This 
results in the creation of an unsteady eddy structure.  Since the mean velocities are small and the 
turbulence intensities are large, it is difficult to obtain accurate quantitative turbulence-  
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measurements in this region.  A low speed eddy can sometimes be seen in the corner where the 
slow back-moving flow encounters an adverse pressure gradient.    
 
 
 
 
 
 
 
 
 
 
Figure 2.5 Flow zones in a sudden expansion pipe flow (Tokekar, 2005) 
The reattaching zone is the most difficult to describe and make measurements in.  The magnitude 
of the instantaneous velocities can be positive or negative with respect to the local mean in this 
region.  The exact location of the reattachment length is difficult to determine and must be 
defined in some manner.  Rothe et al. (1975) defined the reattachment length in a turbulent flow 
as the physical location in which the instantaneous velocity near the wall is either in back flow or 
forward flow 50 % of the time.  The flow in this region is highly unsteady, resulting in rapid 
decay of the Reynolds stresses.  In addition, large scale structures, of the order of the step height, 
are convected through this zone adding to the difficulty of understanding flow in this region.   
With the flow reversals encountered in the sudden expansion, there are only a few viable 
experimental methods, each with their own limitations, available foe flow measurement.  Particle 
Image Velocimetry (PIV), Laser Doppler Anemometry (LDA) and a flying hot wire provide 
some valid forms of flow measurement in recirculating regions.   The numerical results in this 
paper are compared with PIV results. 
 
2.3 Turbulent Flow through a Pipe 
Turbulent flow is characterized by a random and a rapid fluctuation of swirling regions of fluid, 
called eddies throughout the flow.  These fluctuations provide an additional mechanism for 
momentum and energy transfer.  In laminar flow, fluid particles flow in an orderly manner along 
the path lines, and momentum and energy are transferred across the streamlines by molecular 
diffusion.  In turbulent flow, the swirling eddies transport mass, momentum and energy to the-  
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other regions of the flow much more rapidly than molecular diffusion greatly enhancing mass, 
momentum and heat transfer.  As a result turbulent flow is associated with much higher values of 
friction, mass transfer and heat transfer coefficients.  Even when the time averaged flow is 
steady, the eddying motion in turbulent flow causes significant fluctuations in the values of 
pressure, temperature, velocity and even density (compressible flows).    
 
2.3.1 Turbulence Modeling (Near wall region) 
As the numerical results plotted in the next section have taken turbulent flow into account, it is 
imperative to discuss its behavior at near wall and the subsequent regions and how it’s 
incorporated in CFD.  Turbulent flows are significantly affected by the presence of walls and the 
mean velocity flowfield is affected through the no-slip condition that has to be satisfied at the 
wall.  However, the turbulence is also changed by the presence of the wall in non-trivial ways.  
The wall proximity region can be divided into three layers.  In the innermost layer, called the 
viscous sublayer (y+ < 5), the flow is almost laminar and the molecular viscosity plays a 
dominant role in mass, momentum and heat transfer.  In the outer layer, called the fully turbulent 
layer, turbulence plays a major role in mass, momentum and heat transfer.  The upper limit for 
the outer layer depends on the Reynolds number.  Finally, there is an interim region between the 
viscous sublayer and the fully turbulent layer (5 < y+ < 60) where the effects of molecular 
viscosity and turbulence are equally important. 
 
 
 
 
 
 
 
  
 
 
Figure 2.6 Law of the wall, horizontal velocity near the wall with mixing length model 
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Very close to the wall, viscous damping reduces the tangential velocity fluctuations, while 
kinematic blocking reduces the normal fluctuations.   
Towards the outer part of the near wall region however, the turbulence is rapidly augmented by 
the production of turbulence kinetic energy due to the large gradients in mean velocity. 
Time dependent solutions of the Navier-Stokes equations for high Reynolds number turbulent 
flows in complex geometries, which set out to resolve all the way down to the smallest scales of 
the motion are difficult to obtain.  Two alternative methods can be employed to render the 
Navier-Stokes equations tractable so that the small-scale turbulent fluctuations do not have to be 
directly simulated: Reynolds averaging (ensemble averaging) and filtering.  Both methods 
introduce additional terms in the governing equations that need to be modeled in order to achieve 
“closure” for the unknowns.   
There are two approaches to modeling the near wall region.  In one approach, the viscosity 
affected inner region (viscous sublayer and buffer layer) is not resolved.  Instead semi-empirical 
formulas called “wall functions’’ are used to bridge the viscosity affected region between the 
wall and the fully turbulent region.  The use of wall functions obviates the need to modify the 
turbulence models to account for the presence of the wall.  In the second approach, the 
turbulence models are modified to enable the viscosity affected region to be resolved with a 
mesh all the way to the wall, including the viscous sublayer.  This is known as near wall 
modeling approach.  The k-ε model is primarily valid for turbulent core flows (flow in the 
regions far from walls).  The Spalart-Allmaras and k-𝜔 models are designed to be applied 
throughout the boundary layer, provided the near wall mesh resolution is sufficient.  The near 
wall modeling significantly impacts the fidelity of numerical solutions, in as much as walls are 
main source of mean vorticity and turbulence.  After all it is in the near wall region, that the 
solution variables have large gradients, and the momentum and other scalar transports occur 
most vigorously.  Therefore, most accurate representation of the flow in the near wall region 
determines successful prediction of wall bounded turbulent flows.   
 
2.4 Interaction between Swirl Stabilized Nozzles 
Despite a large number of publications examining swirling combustion, due to extreme 
complexity and highly chaotic nature of this system there remains a lack of understanding for 
some of the physical mechanisms.  Less explored but still relevant areas of interest remain.  One 
simplification that is generally made during research or nozzle development is to reduce the scale 
of a problem to a single swirling flow.  However most modern aviation gas turbines employ an 
annular combustor, in which individual nozzles (consisting of air swirlers and fuel injectors) are 
arranged around a cavity at a certain spacing (Lefebvre, 2010).  Some gas turbine combustor 
designs also feature radial staging of nozzles so that there are multiple rows of nozzles placed 
around the annulus and interaction between adjacent nozzles can occur in multiple directions 
(Dolan, Villalva, 2014).  Modifying the location of these nozzles and the spacing between them 
within the combustor may affect many performance characteristics including stability, size and 
strength of the main recirculation zone or the appearance of secondary recirculation regions.   
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Investigations of other multiple nozzle arrays had suggested that nozzle interaction could have a 
significant effect on the flowfield within the combustor.  Computations and experiments of a 3x3 
array of uniform nozzles showed that when located adjacent to other nozzles, the isothermal 
recirculating region for each nozzle was smaller than that of an identical single nozzle.  The 
strength of each recirculation zone was dependent on the location of the swirler in the array.  
There were also small regions of reversed flow between some of the nozzles (Cai, Tacina, 2001; 
Fu, 2007).  Previous studies have discussed these aspects of swirl flow in combustion.  The 
numerical/experimental study by Cordier et al. (2013) discussed the effect, nozzle spacing has on 
ignition characteristics of a combustor.  A study by Worth and Dawson (2013) reported on the 
effect of nozzle spacing on azimuthal thermoacoustic instabilities.  Kao et al. (2014) conducted a 
study of non-reacting flow in which the spacing was changed in a linear array of five nozzles.  
The study conducted using Laser Doppler Velocimetry (LDV), showed average velocity fields 
for the midplane at five different spacing.  The study noted that the size of the central 
recirculation zone (CTRZ) alternated between small and large along the swirler array.  For the 
smaller range of spacing tested, the central and edge swirlers possessed a larger recirculation 
zone while for larger spacing the behavior was reversed, and now these swirlers possessed the 
smaller recirculation zones.  It was also observed that the swirling jet exiting the nozzle would 
either attach to the domeplate, creating a larger recirculation zone, or behave as a free swirling 
jet, resulting in a smaller recirculation region.  The study suggests that the behavior is driven by 
the corner recirculation zone (CRZ) between the nozzles and its ability to supply air to the 
swirling jet.  A numerical study on swirler interaction by Cho et al. (2014) focused on the NOx 
formation as a function of distance between two swirl stabilized nozzles.  RANS simulations 
were performed with methane as fuel, using a cylindrical flametube, and also included 
comparison with a single swirler case.  The size of the flametube was not changed as the distance 
between the two nozzles was incremented.  The Zeldovich mechanism was the main method of 
NOx formation considered.  The flowfield is greatly affected by the distance between the 
burners.  The closest spacing show behavior to strongly diverge from the single nozzle case; the 
central recirculation zone of each burner was highly asymmetric with respect to each burner’s 
centerline and the recirculation zone between the burners became very small and close to the 
dump plane.  As the distance was increased, a large recirculation region developed between the 
burners and nozzle behavior resembled the more symmetric single nozzle case.  At shorter 
spacing, the CTRZ is compressed by the other nozzle; at wider spacing it is narrowed by the 
presence of the large recirculation zone between both nozzles.  Peak NOx formation occurred at 
an intermediate case where the CTRZ of each nozzle is wider, resulting in the longer residence 
times that drive NOx formation up.  Other studies have used experiments or numerical 
simulations to study combustion oscillations in annular combustors with multiple nozzles.  One 
massively parallel LES investigation of a full annular combustor simulated natural azimuthal 
modes, but did not identify any mechanism of flame interaction between burners (Worth, 2013).  
However an experimental investigation of an annular combustor with different numbers of 
nozzles (varied nozzle spacing) showed that the preferred mode was dependent on the nozzle 
spacing (Staffelbach, 2009).  The authors claimed this was due to the spatial rearrangement of 
mean heat release and the breakdown of the mean axisymmetric flame structure caused by 
increased nozzle interaction as the spacing was reduced. 
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It is evident that nozzle interaction strongly affects the performance of a combustion nozzle, 
potentially modifying the performance that can be expected based on single nozzle tests.  This 
change in performance can modify multiple operating parameters of the combustor as a whole 
and thus warrants further study.  The results below provide insight on the effect that nozzle 
spacing has on the flowfield and heat release of two interacting nozzles. 
 
2.5 Flashback 
Several experimental demonstrations of vortex breakdown and its precession in a combustor 
provide valuable insight into the dynamics of the phenomenon.  Fritz et al (2004) describe four 
flashback mechanisms in a swirl stabilized LPM combustor.  Special interest is given to 
combustion induced flashback i.e. when heat released due to combustion causes vortex 
breakdown in a swirling flow, and the breakdown point moves upstream into the inlet.  
Paschereit et al (2002) used computational fluid dynamics and experiments to show that 
oscillations in flame location and consequently, combustion instabilities are related to the 
behavior of vortex breakdown in a swirl stabilized flow.   
 
2.6 Lean Blowout (LBO) 
Another effect of swirl and vortex breakdown is evident in combusting flows where distinct 
instability frequencies can be measured close to LBO.  In premixed combustion close to the lean 
flammability limit of the fuel-air mixture, it is often observed that the primary flame zone goes 
through rapid detachment (flame lift-off and reattachment).  Further decrease in equivalence 
ratio further results in flame blow-off.  Similarly disturbances in the flow during this transition 
period could easily result in a blowout. 
 
2.7 Governing Equations 
The non-reacting swirl flow is governed by three dimensional, unsteady filtered Navier-Stokes 
(N-S).  The following sections describe the theoretical formulation of these governing equations, 
along with turbulence modeling.  
 
2.7.1 Navier-Stokes Equations 
Three dimensional, incompressible and steady form of the N-S equations describe how the 
velocity and pressure of a moving fluid are related.  They were derived independently by GG. 
Stokes in England, and M. Navier, in France during the early 1800’s.  These equations are an 
extension of Euler equations and include the effects of viscosity on the flow.  The N-S equations 
are a set of coupled differential equations and could in theory be solved for a given flow problem 
by using methods from calculus, but they are difficult to solve analytically.   
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In the past engineers made approximations and simplifications to the equation set, until they had 
a group of equations that they could solve.  Recently high speed computers have been used to 
solve the equations using a variety of techniques like finite difference, finite volume, and finite 
element. 
 
 
Continuity equation 
 
𝜕𝑢
𝜕𝑥
+  
𝜕𝑣  
𝜕𝑦
+  
𝜕𝑤
𝜕𝑧
= 0 ,                                                                                                  (2.4) 
 
Momentum equations 
 
 X-Momentum              
𝜕(𝑢2)
𝜕𝑥
+
𝜕(𝑢𝑣)
𝜕𝑦
+
𝜕(𝑢𝑤)
𝜕𝑧
=  
−𝜕𝑝
𝜕𝑥
+  
1
𝑅𝑒
[
𝜕𝜏𝑥𝑥
𝜕𝑥
+
𝜕𝜏𝑥𝑦
𝜕𝑦
+
𝜕𝜏𝑥𝑧
𝜕𝑧
] ,      (2.5) 
 Y-Momentum              
𝜕(𝑢𝑣)
𝜕𝑥
+
𝜕(𝑣2)
𝜕𝑦
+
𝜕(𝑣𝑤)
𝜕𝑧
=  
−𝜕𝑝
𝜕𝑦
+  
1
𝑅𝑒
[
𝜕𝜏𝑥𝑦
𝜕𝑥
+
𝜕𝜏𝑦𝑦
𝜕𝑦
+
𝜕𝜏𝑦𝑧
𝜕𝑧
],       (2.6)  
  Z-Momentum             
𝜕(𝑢𝑤)
𝜕𝑥
+
𝜕(𝑣𝑤)
𝜕𝑦
+
𝜕(𝑤2)
𝜕𝑧
=  
−𝜕𝑝
𝜕𝑧
+  
1
𝑅𝑒
[
𝜕𝜏𝑥𝑧
𝜕𝑥
+
𝜕𝜏𝑦𝑧
𝜕𝑦
+
𝜕𝜏𝑧𝑧
𝜕𝑧
]        (2.7) 
 
 
2.7.2 Reynolds Averaged Navier Stokes (RANS)  
RANS equations are the closest approach to turbulence modeling and these techniques were 
developed to solve for the mean values of all quantities.  An ensemble version of the governing 
equations are solved, which introduces new apparent stresses known as Reynolds stresses.  This 
adds a second order tensor of unknowns for which various models can provide different closure 
levels.  RANS is further divided into two broad approaches, 
 
2.7.2.1 Bousinnesq hypothesis 
This method involves using an algebraic equation for the Reynolds stresses which include 
determining the turbulent viscosity and solving transport equations for determining the turbulent 
kinetic energy and dissipation.  Models include k-ε, mixing length and zero equation models. 
These equations contain other correlations of higher order which have to be modeled in order to 
close the system of Reynolds averaged equations. The turbulence closure modes employed in the 
present work are summarized briefly below.   
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k-𝝐 model  
In this model the Reynolds stresses are linearly related to the mean rate of strain by scalar eddy 
viscosity as follows: 
−𝜌𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅ = 2𝜇𝑡𝑆𝑖𝑗 −
2
3
𝜌𝑘𝛿𝑖𝑗                                                                                                       (2.8) 
where 𝑆𝑖𝑗 & 𝜇𝑡 are the mean rate of strain tensor and eddy viscosity denoted by 
𝑆𝑖𝑗 =
1
2
{
𝜕𝑈𝑖
𝜕𝑥𝑗
+  
𝜕𝑈𝑗
𝜕𝑥𝑖
}                                                                                                                    (2.9) 
𝜇𝑡 = 𝐶𝜇𝜌
𝑘2
𝜖
                                                                                                                               (2.10) 
where k & 𝜖 are the turbulent kinetic energy and dissipation rate respectively, which are 
expressed as  
𝑘 =  
1
2
𝑢𝑖𝑢𝑖̅̅ ̅̅ ̅                                                                                                                                (2.11)      
𝜖 =  𝜗
𝜕𝑢𝑖
𝜕𝑥𝑗
𝜕𝑢𝑖
𝜕𝑥𝑗
̅̅ ̅̅ ̅̅ ̅̅
                                                                                                                            (2.12) 
The k-𝜖 model (called KEM in the present study), consist of the following transport equations for 
k & 𝜖 
𝜕(𝜌𝑈𝑗𝑘)
𝜕𝑥𝑗
=  
𝜕
𝜕𝑥𝑗
{(𝜇 +  
𝜇𝑡
𝜎𝑘⁄ )
𝜕𝑘
𝜕𝑥𝑗
} + 2𝜇𝑡𝑆𝑖𝑗𝑆𝑖𝑗 − 𝜌𝜖                                                                 (2.13) 
𝜕(𝜌𝑈𝑗𝜖)
𝜕𝑥𝑗
=  
𝜕
𝜕𝑥𝑗
{(𝜇 +
𝜇𝑡
𝜎𝜖
)
𝜕𝜖
𝜕𝑥𝑗
} + 2𝐶1𝜖
𝜖
𝑘
𝜇𝑡𝑆𝑖𝑗𝑆𝑖𝑗 −  𝐶2𝜖𝜌
𝜖2
𝑘
                                                       (2.14)   
 
The model constants which are summarized in Table I are determined from experiments for 
homogenous shear flows and isotropic grid turbulence. 
 
RNG k-𝝐 model  
This model is derived by using a mathematical technique called “renormalization group” 
method.  It is similar to the KEM.  The model constants summarized in table 1 are obtained 
analytically.  It is shown that in regions of weak and moderate strain rate, the RNG model yield 
results comparable to KEM.  On the other hand, in regions of large strain rate the RNG model 
shows a lower turbulent viscosity than KEM.  Therefore the RNG model is more responsive to 
the effects of rapid strain and streamline curvature than KEM.    
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Realizable k-𝝐 model 
The realizable k-ε model (also called RKEM) which is proposed by Shih et al. has a new eddy 
viscosity equation with a variable 𝐶𝜇, as well as a new dissipation equation.  The k-equation in 
the RKEM model has the same form as that in the KEM and RNG models; however the ε-
equation is different.  In contrast to the standard k-ε and RNG k-ε models, the realizable k-ε 
model satisfies certain mathematical constraints for the normal stresses which are consistent with 
the physics of turbulent flows.  
 
 
 
 
 
 
 
                                                     
                                     Table 1.1 k-𝝐 based model coefficients (Shamami, 2008) 
 
                                                          
SST k-𝝎 model 
This model is a two equation eddy viscosity model whose unique features allows it to be used all 
the way down to the wall through the viscous sub-layer.  Hence it can be used as a low-Re 
turbulence model without any extra damping functions.  The SST formulation also switches to a 
k- ε behavior in the free stream, thus avoiding the common k-𝜔 problem, that the model is too 
sensitive to the inlet-free stream turbulence properties.  It often shows good behavior in adverse 
pressure gradients and separating flow.  However, it does produce a bit too large turbulence 
levels in regions with large normal strain like stagnation regions and regions with strong 
acceleration.  It is described by the following transport equations:- 
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𝜕𝑘
𝜕𝑡
+ 𝑈𝑗
𝜕𝑘
𝜕𝑥𝑗
=  𝑃𝑘 −  𝛽
∗𝑘𝜔 +  
𝜕
𝜕𝑥𝑗
{(𝜗 +  𝜎𝑘𝜗𝑇)
𝜕𝑘
𝜕𝑥𝑗
}                                                                (2.15) 
 
𝜕𝜔
𝜕𝑡
+ 𝑈𝑗
𝜕𝜔
𝜕𝑥𝑗
=  𝛼𝑆2 −  𝛽𝜔2 +  
𝜕
𝜕𝑥𝑗
{(𝜗 + 𝜎𝜔𝜗𝑇)
𝜕𝜔
𝜕𝑥𝑗
} + 2(1 − 𝐹1)𝛼𝜔2
1
𝜔
𝜕𝑘
𝜕𝑥𝑖
𝜕𝜔
𝜕𝑥𝑖
                     (2.16) 
 
where, ‘k’ and ‘𝜔′ are the turbulent kinetic energy and specific dissipation rate respectively. 
 
The values of various closure coefficients and auxiliary relations are provided below:- 
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2.7.2.2 Reynolds Stress model (RSM) 
This approach attempts to solve the transport equations for the Reynolds stresses.  Closure for 
Reynold stresses require six equations for the six independent Reynolds stresses and another 
equation for the isotropic turbulence energy dissipation rate.  This approach is computationally 
costly because of the introduction of several transport equations for all the Reynolds stresses. 
 
2.7.3 Large Eddy Simulation (LES) 
The main objective of this model is to explicitly compute the largest structures of the flow field 
which are generally larger than the grid size and subgrid model the small ones.  This model is 
widely applicable for non-reacting flows.  In LES, variables are filtered in spectral space or in 
physical space.  The filtered quantity is defined as  
                                                                                            (2.17) 
Here F is the LES filter.  The filtered quantity 𝑓 is resolved in the numerical simulation whereas f 
‘=f-f-𝑓  corresponds to the unresolved part.  Balance equations for LES are obtained by filtering 
the instantaneous balance equations.  The filtered value of LES perturbation is not zero i.e.  
𝑓′ ≠ 0 contrary to RANS averaging. 
 
2.7.4 Detached Eddy Simulation (DES) 
DES is a hybrid model that attempts to combine the best aspects of RANS and LES 
methodologies in a single solution strategy.  This model treats the near wall regions in a RANS 
like manner and rest of the flow in LES like manner.  This model was originally formulated by 
making some modifications to the distance function in Spalart-Allmaras model.  The modified 
distance function causes the model to behave as a RANS model in regions close to the wall and 
Smagorinsky like manner away from the walls.  DES generates finer turbulence eddies than 
RANS and the quantitative results are superior to those of RANS. 
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Chapter 3 
 
Numerical Methodology 
 
In this section, we summarize numerical simulations of turbulent isothermal non-reacting flows 
in a multiple nozzle swirl stabilized lean direct injection combustor.  The computations focus on 
the flow behavior in a rectangular chamber with a sudden expansion, and are based on the 
commercial Reynolds Average Navier-Stokes (RANS) modeling of incompressible non reacting 
flows.  Initially a simple geometry with two cylindrical inlets and a rectangular expansion 
chamber is numerically modeled where swirl is imparted to the inlet.  After that, the flowfield in 
the real and more complex model is numerically studied.  For the first numerical simulation 
global issues like the first appearance of vortex breakdown in the domain or its first appearance 
in the inlet section are investigated.  These issues are primarily related to the global flow 
dynamics of non-reacting flows, and it is expected that they are not sensitive to slight viscosity, 
thermal conductivity or turbulence, which affect only the local flow behavior and possibly 
combustion dynamics.  In the second study, the flow structure in both single and double nozzles 
are studied.  Again the location and size of central recirculation zone are analyzed for different 
mass flow rates.  The nozzle spacing is also varied in four uneven steps from S = 1.1d to 2.72d, 
‘d’ being the nozzle diameter (1 inch), and their effects on the resulting flow structure are 
investigated.  The numerical results are compared with the PIV results obtained by Dolan et al 
(2015).    
 
3.1 Computational Fluid Dynamics (CFD) 
Computational Fluid Dynamics (CFD) has grown from a mathematical curiosity to an essential 
tool in almost every branch of fluid dynamics.  CFD is commonly accepted as a numerical 
solution of the governing equations (continuity, Navier-Stokes and additional conservation) 
which describe the fluid flow.  As a developing science it has received extensive attention 
throughout the international community since the advent of the personal computer.  There has 
been considerable growth in the development and application of CFD to all aspects of fluid 
dynamics.  In design and development, CFD programs are now considered to be standard 
numerical tools, widely utilized within industry.  As a result, there is a considerable demand for 
specialists in the subject, to apply and develop CFD methods throughout engineering companies 
and research organizations. 
The steps involved in the present analysis are:- 
 Designing and meshing the geometry 
 Exporting the grid to a CFD solver 
 Specification of boundary and initial conditions 
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 Selection of solver parameters and convergence criterion 
 Post processing and analysis of results 
 
Advantages  
Speed – The speed with which a problem can be solved computationally is relatively faster 
compared to an experimental investigation.  Implications of different cases can be easily 
performed by a designer computationally leading to an optimum design, which performed 
experimentally will take a longer time. 
Detailed analysis – A numerical solution yields a complete and detailed analysis of flow 
variables such pressure, temperature, velocity, density and concentration for any domain defined, 
which allows a better understanding of the flow phenomenon in the regime. 
Reduction of experimental risks – Experiments posing a safety risk which include accidents of 
various kinds can be replaced by computational simulations, thus reducing life threats and 
subsequent costs required for the equipment to meet safety standards. 
 
3.2 Problem I - To study the effects of swirl in a non-reacting turbulent 
flowfield of a simplified multiple inlet lean direct injection combustor          
(Re- 22000) 
The objective of the above study is to understand the fundamental physics behind turbulent 
swirling flows.  The initial flow conditions used by Umeh et al (2009) were applied on a 
simplified model of an atmospheric combustor at the University of Cincinnati Gas Dynamics and 
Propulsion laboratory.  This facility is a vertically oriented flametube which can be configured to 
test many types of fuel/air nozzles to meet research or industrial goals.  This geometry is 
simplified to a 3-D model of two cylindrical inlets attached to a rectangular quartz flametube 
with sudden expansion.  The cylindrical inlets are assumed to introduce a fixed swirl to the 
incoming airflow via static blades (vanes) oriented at a pre-specified angle (𝛽) within its annulus 
as shown in the figure 3.3 below.  The blade angle is an important parameter which dictates 
flowfield swirl intensity.  A solidbody rotation profile induced by the swirlers was used at the 
inlet.  The 3-D model is asymmetric.  The geometric model for the numerical studies is shown in 
Figure 3.1.  Only multiple inlet cases were studied.  The model was created using Solidworks.  
The entire model is the computational domain used for studying the flowfield.  The meshing of 
the above model as shown in Figures 3.2, was done in Ansys Workbench and then exported to 
the commercial numerical solver Ansys Fluent for running simulations.  The origin is at the 
center between the swirler exit and the range of x, y and z coordinates are provided in Figure 3.2.  
They have been normalized by the swirler exit diameter (D = 1inch).  The coordinate system in 
the axial direction is ‘z’ with its positive direction pointing towards the downstream location.  
The tangential direction in this case is ‘y’ with ‘x’ representing the radial coordinate.   
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                           Figure 3.1 Simplified combustion chamber with two swirler exits 
Swirler exit 
Dump plane 
Outlet 
3.5 inch 
6.5 inch 
1 inch 
8 inch 
0.3 inch 
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3.2.1 Grid Generation  
The generation of the grid i.e. the meshing of the above model was done in Ansys Workbench.  
It is a useful software for the construction of high quality computational meshes in two and three 
dimensional geometries.  Features such as meshing capabilities for boundary layers and adapting 
the mesh based on the solution gradient to yield levels of accuracy in complex geometries have 
been accounted.  The partition of the flow domain into a large finite number of discretized 
smaller elements is called meshing.  The flow parameters like pressure, velocity and temperature 
of a flowfield are studied at each of these smaller elements.  For the current study an 
unstructured mesh is employed of tetrahedral elements.  The degree of fineness in meshing 
depends on the geometry of the domain and flow specifications.  A fine mesh provides a better 
scope to study the physics of the problems since it gives more elements to study the variation in 
the parameters.  A much finer mesh is computationally costly and consumes a longer time to be 
solved completely, but provides a much cleaner picture of the flowfield.   
In this case, meshing was first done to edges, faces and whole bodies by using the size function 
tool, which allows varying the mesh density in space.  After that the two parallel faces in axial 
and radial directions of the box were map meshed.  Generally a much higher density is expected 
near the walls due to the formation of boundary layer and at locations where there are sudden 
changes in geometry.  Thus for the grid refinement studies that were conducted, the respective 
grids were refined by increasing the number of cells at the interface of cylindrical and 
rectangular walls i.e. domeplate. A grid refinement study was first conducted for two inlets case.   
Three meshes of 620720 (Mesh 1), 1497619 (Mesh 2), and 3573326 (Mesh 3) elements 
respectively were used.  Figure 3.2 shows the grid distribution for the simplified multiple swirler 
exit configuration used in mesh 2.     
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            Figure 3.2 Grid distribution (Mesh 2) for the simplified two nozzle configuration 
 
x/D = -3.25 - 3.25 
y/D = -1.75 - 1.75 
z/D= 0 - 8.3 
z/D =0 z/D = 0.3 z/D = 8.3 
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3.2.2 Solver Formulation  
The coupled implicit Reynolds-Averaged Navier-Stokes (RANS) flow solver of the commercial 
code, Fluent (versions 14.5 & 15.0) were used to simulate various non-reacting swirling flow 
cases.  The code generally solves the continuity, momentum, energy, species and turbulence 
equations simultaneously for full Navier-Stokes equations.  This is preferred as more than one 
variable is unknown in each equation and each variable is computed from its own transport 
equation.  The coupled solver is also better suited than the segregated solver for handling 
incompressible flows with strong body forces, including rotational forces or swirl. 
 
 
 
 
 
 
a)                                                                                         b) 
 
Figure 3.3 (a) Schematic of axial swirler used by Palies et al (2011) (b) Swirling flowfield 
(Najafi, 2011)  
In the numerical model, inlet swirl number,𝑆𝑁 characterizing the inlet flow is the main parameter 
varied in the simulations.  For axial swirlers, which are assumed in these models, for the 
tangential velocity of the flow, it is conventional to use the velocity imposed by the blade 
inclination featuring an angle β and to consider that the axial velocity has a flat profile in the 
outlet section of the swirler as shown in figure 3.3.  The use of these approximations in the swirl 
number equation leads to the following expressions as per Candel et al (2013). 
𝑆𝑁 =  
2
3
tan(𝛽)                                                                                                                            (3.1) 
tan(𝛽) =  
𝑉𝑡
𝑉𝑧
=
 𝜃?̇?
𝑉𝑧
,                                                                                                                     (3.2)  
𝑉𝑡 & 𝑉𝑧 are the tangential and axial velocity respectively and ‘R’ is the swirler exit radius (0.5 
inch).  In all the cases the inlet flow is modeled as a uniform stream with axial velocity, 𝑉𝑧 with a 
solid-body rotation profile for the circumferential (tangential) velocity, 𝑉𝑡.  Air is used as the 
fluid for running all simulations and an initial air mass flowrate of 8 g/s was imparted at the inlet.  
From that the axial velocity at the inlet (𝑉0) was calculated using the continuity equation.  Inlet 
temperature of T3 (300 K) & pressure P3 (101.325 kPa) values were set as initial conditions.  
Boundary conditions also included no-slip and no penetration conditions on the walls.  The 
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Reynolds number used for running the calculations based on the pipe diameter and bulk axial 
velocity was approximately 22,000.   
Solvers 
There are two different solvers in Ansys Fluent, pressure based and density based solver.  The 
density based solver is generally used in flows with speeds greater than the sonic velocity.  In the 
present study, the Mach number is low and hence pressure based solver is chosen.  Steady flow 
has been chosen for all cases.  An absolute formulation for velocity is employed to calculate the 
velocities at different nodes.   
 
 
 
 
 
 
 
 
 
 
Viscous Model 
There are different viscous models such as inviscid, laminar, Spalart-Allmaras, k-epsilon, k-
omega, Reynolds stress, detached eddy simulation and large eddy simulation.  In the numerical 
studies a standard k-epsilon, realizable k-epsilon and SST k-omega models are employed since 
the flow is turbulent.  For the current study though a standard k-epsilon model is used with 
standard wall functions, since the model is relatively simple. 
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Materials 
Air is used as the default working fluid and the density and viscosity of air is made sure to be 
approximated as incompressible-ideal gas.   
 
 
 
 
 
 
 
 
 
 
 
Boundary conditions 
In the present configuration there are two air inlets and an outlet.  The air inlets are specified as 
velocity inlet and the outlet as the pressure outlet boundary condition.  A solid-body rotation is 
imposed at the inlets to induce swirl flow and the rotational velocity is calculated from equation.  
The default turbulent intensity and viscosity ratio are used.  At the outlet, pressure is set to 
ambient gauge pressure and at the walls no-slip boundary conditions are employed. 
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Initial conditions 
The numerical solution is initialized from the inlet with the conditions summarized in the table 
below.  The initial conditions described below were used for grid refinement studies. 
 
Condition    
name 
T3 (K) P3 
(kPa) 
Vane 
angle  
𝑺𝑵 Mach 
No, Ma 
𝑽𝟎 (
𝒎
𝒔⁄ ) Reynolds 
No, Re 
Cold 
turbulent 
300 101.325 57 1.03 0.02 6.38 22,000 
 
Discretization methods 
The ‘simple’ scheme of a pressure-velocity coupling method is used with the ‘least square cell 
based’ gradient and a standard pressure.  Discretization is the process of replacing differential 
equations governing the fluid flow with algebraic equations solved at discrete points.  In the 
present cases, initially a first order upwind scheme were used for momentum, turbulent kinetic 
energy and turbulent dissipation rate discretization.  After the solution is converged, a second 
order upwind scheme is applied for the above mentioned discretization to obtain a converged 
solution.   
 
 
 
 
 
 
 
 
Residuals 
Residuals are the errors that are created in an iterative solution algorithm.  These residuals under 
normal circumstances decrease as the solution progresses.  For single precision computations, 
residuals can drop as many as six orders of magnitude before hitting round-off and the double 
precision residuals can drop off to twelve orders of magnitude.   
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Convergence 
A solution is said to be converged when the variables no longer changes in the successive 
iteration.  Convergence criteria can be tightened to obtain a more accurate solution.  In the 
present simulation a convergence criterion of 1e-06 is employed for all residuals.   
 
Initialization  
In a computational analysis, for an iterative procedure the fluid properties are updated based on 
the current solution.  For the first iteration, the properties are updated based on the initial 
solution.  In the current simulations, the solution is initialized from one of the inlets and the 
reference frame is chosen to be relative to the cell zone. 
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3.2.3 Grid Refinement and RANS Modeling Studies 
The objective of the above study is to understand the effect of grid refinement and RANS 
turbulence modeling on swirl induced flow in a sudden expansion pipe.  The effects of changing 
inlet flow conditions such as inlet swirl number are investigated.  Each model was run until 
changes in the axial velocity just upstream of axial location where vortex breakdown occurs are 
minimal.  Swirling flows with vortex breakdown often involve steep gradients in the 
circumferential velocity, such as near the centerline of a free vortex flow and around the 
breakdown zones.  As a result, a fine grid is required for accurate resolution of the flow, while an 
optimized grid quality provides reasonably accurate solutions in reasonable computational time.  
The effects of mesh refinement on the solution were investigated on the non- reacting flows for 
conditions listed above.  For these studies, the analysis was done for a swirl number of 1.03, 
when vortex breakdown first occurs just downstream of the dump plane.  Each model case was 
run till convergence was achieved, i.e. changes in the axial velocity just upstream of the axial 
location where vortex breakdown occurs are minimal. 
Figure 3.4 display the plane and lines used for exhibiting velocity contour and line plots.  Figures 
3.5 & 3.6 show the predicted mean axial velocity (𝑉𝑧) and tangential velocity (𝑉𝑡) contour for the 
three meshes used in mesh refinement studies at mid Y-plane (Y = 0).  Formation of 
recirculation zone takes place along the center plane from both the swirler exits as expected.  In 
addition to that recirculation zones are created along the corners of the wall.  Overall the contour 
plots show a similarity in predicting the turbulent swirling flow structures of all three meshes, 
although there are asymmetries in the downstream regions of the flowfield.  Figure 3.7 show the 
average axial velocity (𝑉𝑧)  along the centerline of both left and right swirler exits respectively.  
The axial location (z/d) has been normalized by the cylindrical inlet diameter (d = 1 inch).  It is 
seen that the vortex breakdown first appears at approximately z/d = 0.85 (dump plane is at z/d = 
0.3) for mesh 2 & 3 while mesh 1, which was a very coarse mesh doesn’t predict the formation 
of vortex breakdown. The plots of mesh 2 & 3 are almost similar, except at few axial locations.  
Figure 3.8 show the line plots of both axial and tangential velocities along the radial location 
normalized by inlet diameter (x/d) at four different axial locations of z/d = 0.3, 0.8, 2.3 & 5.3 
respectively.  The center of the plot (x/d = 0) is the center of the domeplate equidistant from both 
inlets.  The negative normalized radial axis corresponds to the right inlet and the positive 
normalized radial axis corresponds to the left inlet.  The axial velocity plots show well defined 
peaks close to the domeplate, and the corresponding maximum and minimum values.  Further 
downstream the flows begin to mix and the corresponding velocity values decrease.  The plots 
are similar at the domeplate for all three meshes and as the flow moves downstream significant 
differences in the flow features are observed especially between mesh 1 & 3.  Even though some 
differences are observed in the flow features between mesh 2 & 3 especially at z/d = 5.3, they are 
nonetheless the same at most axial locations. 
The grid refinement studies show that mesh 2 & 3 yield solution of almost equal accuracy even 
though mesh 3 is of a much finer quality.  Since mesh 2 uses much less computational resources 
and time it will be used for remaining numerical simulations of cold flow. In addition to grid 
refinement studies, the effect on the flowfield structure by employing different RANS turbulence 
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models was also studied.  Standard and realizable k-ε turbulence models were employed for 
study.   
 
 
 
 
 
 
  
 
a)                                                                                          b) 
 
 
Figure 3.4 a) Mid y (y/d = 0) plane in the geometric model   b) Location of lines used for 
axial and tangential velocity profiles 
 
 
                                                                                      
                     
 
 
 
 
 
 
 
 
Figure 3.5 Axial velocity contour at mid y-plane (P3= 101 kPa, T3 = 300 K, 𝑽𝟎 = 6.38 m/s &  
𝑺𝑵 = 𝟏. 𝟎𝟑) 
Mesh 1 Mesh 2 Mesh 3 
CRZ 
CTRZ 
    z/d = 0.3, 0.8,1.3  2.3                    5.3    
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Figure 3.6 Tangential velocity contour at mid y-plane (P3= 101 kPa, T3 = 300 K,                    
𝑽𝟎 = 6.38 m/s & 𝑺𝑵 = 𝟏. 𝟎𝟑) 
 
 
 
 
 
 
 
 
                        Left inlet centerline                                                Right inlet centerline 
 
 
Figure 3.7 Axial velocity along normalized axial location (P3= 101 kPa, T3 = 300 K,           
𝑽𝟎 = 6.38 m/s &  𝑺𝑵 = 𝟏. 𝟎𝟑) 
Mesh 1 Mesh 2 Mesh 3 
Domeplate  
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z/d = 0.3 (domeplate) 
z/d = 0.8 
z/d = 2.3 
Domeplate center 
Right inlet center Left inlet center 
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Figure 3.8 Axial (Vz) and tangential velocity (𝑽𝒕) along normalized radial location (x/d) at 
different axial stations (P3= 101 kPa, T3 = 300 K, 𝑽𝟎 = 6.38 m/s & 𝑺𝑵 = 𝟏. 𝟎𝟑) 
 
Figure 3.9 displays the mean axial and tangential velocity contour of both the turbulence models 
and they predict the same location for the formation of vortex breakdown.  The tangential 
velocity contours again give a similar picture of the flow structure where jets of positive and 
negative velocities originate from the inlet and indicate opposing swirl motions on both swirler 
exit. 
 
 
 
 
 
 
 
 
 
 
z/d = 5.3 
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Figure 3.9 Axial (Vz) and tangential velocity (𝑽𝒕) contour at mid y-plane (P3= 101 kPa,     
T3 = 300 K, 𝑽𝟎 = 6.38 m/s &  𝑺𝑵 = 𝟏. 𝟎𝟑) 
Figures 3.10 & 3.11 provide the mean axial and tangential velocity profiles at different axial 
locations for both models.  Again, both the models are relatively similar for almost all the axial 
locations except at a few points, far downstream of the domeplate.  As there are no experimental 
results to compare to determine the validity of both RANS models, references from previous 
literature were trusted with.  The different RANS model result of Shamami et al. (2008) 
indicated that the realizable k-ε model provided a more realistic picture of the flowfield 
compared to standard k-ε.  Thus, for further studying the flowfield effects by employing different 
swirl numbers, the realizable k-ε model has been used. 
Standard k-ε 
 
Realizable k-ε 
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                      Left inlet centerline                                                 Right inlet centerline 
 
Figure 3.10 Axial velocity along normalized axial location (P3= 101 kPa, T3 = 300 K,          
𝑽𝟎 = 6.38 m/s &  𝑺𝑵 = 𝟏. 𝟎𝟑) 
 
 
 
 
 
 
 
 
                                                               z/d = 0.3 (domeplate) 
 
 
 
 
 
        
 
                                                                       z/d = 0.8 
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                                                                      z/d = 2.3 
                                   
 
 
 
 
 
 
                                                                        z/d = 5.3 
 
Figure 3.11 Axial (Vz) and tangential velocity (𝑽𝒕) along normalized radial location (x/d) at 
different axial stations (P3= 101 kPa, T3 = 300 K, 𝑽𝟎 = 6.38 m/s & 𝑺𝑵 = 𝟏. 𝟎𝟑) 
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3.3 Problem II - Numerical analysis of a non-reacting turbulent flowfield in 
the actual single/multiple nozzle swirl stabilized lean direct injection 
combustor model (Re = 13000) 
The experimental setup facility at atmospheric combustor laboratory, the multi-nozzle LDI 
assembly and the cross section of air/fuel nozzles in solid model are displayed in figure 3.12 
below.  This facility is a vertically oriented flametube which can be configured to test many 
types of air/fuel nozzles to meet research/industrial needs.  Two nozzles were located next to 
each other in the test facility.  By using different dome plates the distance between nozzles is 
varied between 1.1d to 2.72d (‘d’ being the nozzle diameter) in four uneven steps.   
 
 
 
 
 
 
 
 
 
                
 
 
 
 
 
 
 
 
                                                                     
Figure 3.12 a) Experimental model of multi-nozzle LDI assembly (Dolan, 2015)  b) Original 
CAD model of multi-nozzle LDI assembly  c) Schematic of nozzles and domeplate with the 
air swirler- fuel injector configuration being zoomed (Dolan, 2015) 
a) b) 
c) 
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Figure 3.12 also displays the actual experimental setup used for running the Particle Image 
Velocimetry (PIV) tests conducted by Dolan et al (2015).  The numerical results of one section 
described in the next chapter are compared with the PIV results for the same conditions. The 
nozzles used are swirl-stabilized nozzles with a single pressure atomizing injector.  Figure 3.12 
also displays the cross-section of the swirler and injector as well as the nozzle face.  Rotation is 
given to the air by injecting all combustion air through angled jets.  A single simplex pressure 
atomizer is located in the center of the swirling air.  There is a cone shaped region downstream 
of the injector where the tip of the recirculation zone forms.  The design and modeling of the fuel 
nozzles were provided by United Technologies Aerospace Systems and were designed for use in 
a low emissions multiple-nozzle lean direct injection combustor concept.  More details on the 
nozzle design and overall combustor concept can be found in a publication from that group 
(Prociw, 2012).  This study focuses on non-reacting flows, so no fuel is sent through the injector 
due to which it was removed from the original model.  To ensure a smooth meshing operation of 
the model in Ansys Workbench and solving in Fluent, some modifications were done to the 
original design model.  These modified characteristics helped in simplifying the geometry, which 
ensured smooth fluid flow through the model.  Both nozzles are assembled to a rectangular block 
combustion chamber in Solidworks.  The modified assembly is shown in the figure 3.13 below.  
The entire 3-D model is the computational domain and the flowfield characteristics of the entire 
model are studied.   For numerical analysis as part of the simplification, the fuel injector was 
altogether removed from the geometry.  A cylindrical bounding body is placed around the 
nozzles and the volume between the outer surfaces of the model geometry.  The extent of the 
bounding body is used to create a new solid body.  In this process any holes, hollows and 
crevices in the model geometry are filled with the new solid body, in the same way, they are 
filled by a surrounding volume of gas or liquid.  All fillets, chamfered and complex curved 
surfaces deemed surplus were removed as part of converting to a fluid computational domain. 
Figure 3.12 also show the dimensions of the dome plate with images of the nozzles in a 
characteristic location.  The swirlers are placed with some distance between them (S) and 
equidistant from the combustor centerline.  The effect of changing S on the flow structure is also 
a part of numerical analysis.  The nozzles have a diameter of 1 inch.  In the current analysis, the 
size of the combustor did not change with the nozzle spacing.  For the numerical analysis four 
different nozzle spacing (S) and a single nozzle case are available.  They are provided in terms of 
nozzle diameter (d).  The geometry details to be used for meshing and flow simulations are 
presented below in figure 3.13.   Air enters both the inlets of diameter 1.2 inch which is a little 
bigger than the nozzle diameter.  The dimensions of the rectangular combustion chamber are 
same as presented in the earlier analysis.  The length of the pipe is 3 inches.  Each nozzle houses 
31 air swirlers of diameter 0.08 inch each. The spacing between the nozzle centers is S =1.36d 
(‘d’ being the nozzle diameter).  The geometric details of the single nozzle are also provided in 
figure 3.14.  Subsequent models for S =1.1d, 1.89d & 2.72d are also shown in the same figure.  
All geometric, grid and boundary condition details are the same as used in the multi-nozzle case 
of S =1.36d.     
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                    a)                                                                                                          b) 
 
                                                                               c) 
 
 
Figure 3.13 a) Modified multi-nozzle LDI assembly for running CFD b) Schematic of the 
cylindrical pipe housing the swirlers c) Section view of the swirl stabilized nozzle and air 
swirlers  
 
 
3 inch 
1.2 inch 
Inlet 
Wall 
Air swirlers 
Chamber wall 
Outlet 
Domeplate 
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                             a)                                                                                          b)                                                                                                           
 
 
 
 
 
 
 
 
b)                                                                                               d)          
   
 
Figure 3.14 Computational domain of a) Single nozzle b) S = 1.1d c) S = 1.89d d) S = 2.72d 
 
3.3.1 Grid Generation  
Figures 3.15 & 3.16 present the grid distributions for both single, and multi-nozzle swirler 
assembly which was used in mesh 3.  The grid refinement studies were conducted for a nozzle 
spacing of S = 1.36d.  The grid distributions obtained for a single nozzle, S = 1.1d, 1.89d & 
2.72d respectively used the same meshing characteristics as was used for the finalized grid which 
is Mesh 3.  Mesh computation for all nozzle spacing and single nozzle is performed for the entire 
geometry including all the air swirler walls and the rectangular combustion chamber.  
Unstructured meshing techniques were employed and the grid consists only of tetrahedral 
elements.   
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Since the numerical solver, Ansys Fluent tends to favor unstructured grids, the elements can be 
constructed in any arrangement relative to each other.  However, the storage requirement for 
such unstructured mesh can be substantially large because the neighborhood connectivity needs 
to be explicitly stored.  The final grid sizes used for mesh refinement studies are Mesh 1 (4.5M), 
Mesh 2 (6.1M), Mesh 3 (7.3M), Mesh 4 (9.5M) and Mesh 5 (11.2M) respectively.  Apart from 
Mesh I, the rest of the grids are clustered normal to the wall to resolve the large gradients within 
the boundary layer.  Grid refinement is mainly done locally along the interface between swirlers 
and the chamber wall and just downstream of the domeplate, regions expected to be of high 
shear and where large changes in variable gradients occur.  For RANS calculations, the grids 
have been refined until very little or almost no appreciable changes in the flowfield is observed.  
Near the wall a fine grid is mandatory where 𝑦+ should preferably equal one in cells neighboring 
the walls for better solution.  It is usually preferred to have the first wall adjacent cell located at a 
sufficient distance (𝑦+ > 30) from the wall.  Nevertheless if the grid is fine enough (𝑦+ ≈ 6) for 
the first cell and the wall adjacent cell is located outside of the buffer layer, the use of Std. k-𝜖 
RANS model wall functions is still valid.  The wall functions tend to solve governing equations 
upto the wall.   
 
3.3.2 Initial and Boundary Conditions  
For both single and two nozzle cases, air enters the nozzle inlet at a mass flow rate of 5.2 g/s at 
total temperature and pressure of 300 K (T3) & 101 kPa (P3) respectively.  The air inlets are 
specified as mass flow inlet and the outlet as the pressure outlet boundary condition.  The flow at 
the inlet is assigned normal to the boundary.  A turbulent intensity of 10 % and the default 
viscosity ratio are used.  At the outlet, pressure is set to ambient gauge pressure and all the rest of 
the components have been assigned either a wall or interior boundary condition.  At the walls,       
no-slip adiabatic boundary condition were imposed.  Reynolds number of the flow based on the 
nozzle diameter and bulk axial velocity is approximately 13000.   
 
3.3.3 Solver Formulation  
The pressure based solver is used with pressure-velocity coupling scheme using steady state 
condition and implicit formulation.  Second order upwind scheme is applied to solve continuity, 
momentum and turbulence equations while second order scheme is used to discretize pressure.  
As the flow is not aligned with the grid due to the presence of unstructured tetrahedral elements, 
a higher order scheme is expected to yield greater accuracy and decrease the possibility of 
numerical discretization errors.  All the computations are carried out until the solution becomes 
statistically stable.  In the present cases, it is observed that when the residuals of continuity, 
momentum and turbulence transport equations drop by 4 or more than 4 orders of magnitude, 
there is no appreciable change in the solution.  Thus at that stage, the numerical solution is 
considered stable with numerical results almost corresponding to a converged solution.   
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                                                                          a)                                                                                                    
 
 
 
 
 
                                                                   
                                
                                    b)                                                                          c)                                                                                                                                                                     
                Domain           Boundary name         Number of elements 
                    a                  Inlet                      673 
                    b            Inlet section wall                   247900    
                    c           Chamber wall                    53008 
                    d                 Outlet                       5394  
                    e                 Interior                 4302603 
                  Total                  4609578 
 
 
Figure 3.15 Grid distribution for single nozzle configuration I) Section view II) Front view 
III) Zoomed view of air swirlers section 
a 
b 
c 
d 
e 
z/d = -11.14 z/d = -8.14 z/d = -0.14 
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                                                                           I) 
                                                                                        
 
 
 
 
     
              
                                II)                                                                               III)                                                                                                                                                                     
                Domain           Boundary name         Number of elements 
                    a                  Inlets                      1032 
                    b            Inlet section walls                    472909   
                    c           Chamber wall                     51878 
                    d                 Outlet                         5428  
                    e                 Interior                    6927221 
                  Total                     7258463 
 
Figure 3.16 Grid distribution for the multi nozzle configuration I) Section view II) Front 
view III) Zoomed view of air swirlers section 
a 
b 
c 
d 
e 
x/d = -3.25-3.25 
y/d = -1.75-1.75 
z/d = -3.0-8.0
 
 
z/d = -3 z/d = 0 z/d = 8 
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3.3.4 Grid Refinement Studies  
The objective of the above study are to understand effects of grid density on the cold flow 
structure and assess grid independence of this model by comparing different grids.  They were 
studied separately using the same RANS Std. k-𝜖 model and they displayed some important 
results.  It is expected to find an optimum grid resolution, beyond which the increase in 
resolution will not affect results of simulations beyond a certain tolerance.  As mentioned before 
five grids are used for comparison.  As such, single nozzle and different nozzle spacing 
conditions were not employed for such analysis.  Swirling flows with vortex breakdown often 
involve steep gradients in the circumferential velocity, such as near the centerline of a free vortex 
flow and around the breakdown zones.  As a result, a fine grid is required for accurate resolution 
of the flow, while an optimized grid quality provides reasonably accurate solutions in reasonable 
computational time.  The first steps of the investigation lead to define a grid that allows the 
algorithm to be effective in the near wall region in addition to producing a grid that is reliable 
and robust.    
Once this methodology is addressed, the same grid can be run for a set of different RANS 
formulations which will provide different set of solutions.  Thus in order to assess, which 
predicts the best flowfield features, it is required to compare them to experimental measurements 
of Dolan et al. (2015).   
Figures 3.17, 3.18 & 3.19 show the predicted mean axial velocity contour of the five meshes.  
The typical zones of swirling flow are clearly identified in the figures below.  Swirled jets are 
characterized by their high swirling motion.  They appear to be symmetric when time averaged 
and extend far downstream the chamber.  The vortex breakdown bubble (VBB), a region of 
highly turbulent recirculating flow is formed for all five meshes, downstream of the domeplate at 
almost quarter length of chamber section on the axis of both nozzles.  They are formed as a result 
of global instability of swirling jets.  All five meshes also predict the formation of corner 
recirculation zones (CRZ), along the chamber corners.  They are mainly formed by the resulting 
backstep geometry and are also present for weak swirling flows.  At low swirl numbers there 
may be significant radial pressure gradient at any axial location caused by the centrifugal effects, 
but the axial pressure gradient is relatively low.  When the swirl is increased, a strong coupling 
develops between axial and tangential velocity components and the axial (adverse) pressure 
gradient increases.  A point is reached when the adverse pressure gradient along the jet axis 
cannot be further overcome by the momentum of fluid particles flowing in the axial direction and 
hence a central toroidal recirculation zone (CTRZ) is created.  It is observed downstream at 
about z/d =2 along the central axis of both nozzles.  These are typical of swirled flows with swirl 
number above the critical value of 0.6 (Gupta, 1984).  The immediate vicinity of the stagnation 
point represents highly turbulent behavior, which is explained by the fact that this point location 
is not perfectly stable, but moves around the mean position due to large flow instabilities.  Both 
recirculation zones are characterized by high velocity gradients and strong fluctuations.  Finally, 
lateral recirculation zones (LRZ) are developed which are located between the swirled jets of 
neighboring nozzles and bounded at the top by the meeting of the two jets.  LRZ feature low 
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levels of velocity and turbulent kinetic energy (Cordier, 2014).  Not much is known about the 
nature of such zones although they consist of counter rotating vortices.  Figure 3.19 also predicts 
reversed flow formation at divergent venturi for all meshes.  Some reversed flow is also observed 
right at the tip of both nozzles.  Figure 3.20 display the out of plane velocity contours (Vy).  
Positive Vy flow is located to the right side of the nozzle for all meshes, which indicate 
clockwise swirl direction.  These figures show pretty similar large scale flow features for all 
meshes.   
These concerns are alleviated by the line plots of velocity measurement at different axial 
stations.  Figure 3.21 shows the average axial velocity (𝑉𝑧)  along the centerline of both left and 
right nozzle respectively.  The axial location (z/d) has been normalized by the nozzle diameter (d 
= 1 inch).  All the meshes again display a similar flow behavior, where the recirculation region 
initiates just downstream of domeplate and extends into the combustion chamber and has a 
length of almost one fourth of the axial length.  From the domeplate up to z/d = 1 inside the 
chamber, a strong reversed flow region is observed.  Thereafter, the recirculation region gets 
weaker and disappears at about z/d = 1.8 from the domeplate.  After that the axial velocity 
briefly reach positive value, after which it again decreases and become almost constant (zero) for 
the rest of the axial length of chamber.  Although all five meshes show similar behavior, some 
differences in the axial velocity values occur for mesh 1 further downstream from domeplate.  
These differences are due to less grid points assigned at the interface of nozzle assembly-
chamber region in case of mesh 1.   
Figure 3.22 displays the axial velocity and out of plane velocity line plots along the radial axis, 
normalized by the nozzle diameter (x/d), at axial locations of z/d = 0 (domeplate), 0.5, 1, 2, 2.5 
and 3 respectively.  The negative normalized radial axis corresponds to the right nozzle while the 
positive one corresponds to the left nozzle.  The center of the plot (x/d = 0) is center of the 
domeplate equidistant from both nozzles.  This also represents the origin and all negative z 
locations are upstream while positive z are downstream of it.   
At z/d = 0.5 and 1, the results are also compared with the PIV data, and they display a similarity 
in flow prediction.  The axial and out of plane velocity plots show well defined peaks close to the 
domeplate, and the corresponding maximum and minimum values.  Further downstream the 
flows begin to mix and the corresponding velocity values decrease.  The flow globally behaves 
in a symmetrical manner at z/d = 0.5 and 1, which explains good agreement between numerical 
and PIV values.  Thus all meshes predict a similar flow behavior as predicted by PIV analysis, 
even though differences in velocity magnitudes have been observed at some radial points.  This 
indicates the meshing and grid refinement to be in the right direction.  Although the plots of 
different meshes are identical at positions near domeplate, significant differences in the axial and 
out of plane velocity values between different grids become apparent at z/d =2, 2.5 and 3 
respectively.   Grids 3, 4 and 5 show almost similar flow behavior for almost all axial locations.  
Mesh 4 and 5 velocity values closely agree at the center of the domeplate while mesh 3 and 5 
values closely agree at almost all other radial locations, even though some differences in axial 
and out of plane velocity values have been observed at a few radial points especially along the 
center.   
  
57 
 
 
As mesh 3 has a significantly less grid size compared to mesh 4 and mesh 5 and constrained by 
the available computational power, mesh 3 was finalized for studying the effect of various 
RANS turbulence model on flow structure.   
 
 
 
 
 
 
 
 
  
 
                                                     VBB                                            swirled jet  
 
 
 
 
 
 
 
 
 
 
                                      Inner shear layer                        Outer shear layer                                                  
 
Figure 3.17 Axial velocity (Vz) contour plots at mid y-plane (P3= 101 kPa, T3 = 300 K &       
?̇? = 5.2 g/s) 
Mesh 1 Mesh 2 
Mesh 3 Mesh 4 Mesh 5 
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                                                                                       Central toroidal recirculation zone (CTRZ) 
                                                                                    
 
                                                                                   Corner recirculation zone (CRZ) 
                                                                                          Lateral recirculation zone (LRZ) 
                                                                                     
 
 
 
 
Figure 3.18 In-plane (x-z) velocity streamlines with axial velocity contour plot background 
(P3= 101 kPa, T3 = 300 K & ?̇? = 5.2 g/s) 
 
Despite the least grid size of mesh 3 among meshes 4 and 5 and its similar flow with respect to 
the finest grid (mesh 5), there is a need to further solidify this line of reasoning.  At further 
downstream axial locations of z/d = 2, 2.5 and 3, significant differences in velocity magnitudes at 
some radial points emerge between these 3 grids.  A statistical analysis of difference in velocity 
magnitudes between successive grids at different peak points in a curve will be performed for 
axial velocity profiles at the above downstream axial stations.  Figure 3.23 displays a sample of 
how the analysis will be performed.  For example a variable ‘M1’ will be assigned to the average 
percentage difference between meshes 2 and 1 at various peak points in the curve.  The same 
methodology for the computation and the same naming convention of similar variables will be 
followed.  Equation 3.3 lists the general formula employed for the calculation of average 
percentage difference between successive grids at different points in an axial velocity profile 
plot.  The only exception to the above general formula will be in calculation of variables ‘M4’ & 
‘M5’ whose formulae have been listed in equations 3.4 and 3.5 respectively.  The values of ‘M1’, 
‘M2’, ‘M3’, ‘M4’ and ‘M5’ at different downstream axial locations and overall have been listed 
in table 3.1. 
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Figure 3.24 list the bar graph analysis results for axial velocity profiles predicted by various 
meshes at downstream axial stations of z/d = 2, 2.5 and 3 respectively.  It also highlights the 
overall average percentage difference between grids which is the average of all averages.  It can 
be seen from the bar plots that the average percentage difference between ‘M3’, ‘M4’ and ‘M5’ 
are pretty similar and less than 10 % for all three downstream locations of z/d = 2, 2.5 and 3 
respectively.   
      
 
 
 
 
 
 
 
                 Mesh 1                                           Mesh 2                                             Mesh 3 
 
 
 
 
 
 
 
                                           Mesh 4                                                        Mesh 5 
 
Figure 3.19 Axial velocity contour plots zoomed at nozzle assembly-chamber region                   
(P3 = 101 kPa, T3 = 300 K & ?̇? = 5.2 g/s) 
 
 
Reversed flow 
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                    Mesh 1                                           Mesh 2                                           Mesh 3 
 
 
 
 
 
  
                                             Mesh 4                                                  Mesh 5 
 
 
Figure 3.20 Out of plane velocity (Vy) contour plots (P3 = 101 kPa, T3 = 300 K &               
?̇? = 5.2 g/s) 
This analysis provides a numerical confirmation of how close grids 3, 4 and 5 are as far as 
predicting the flowfield is concerned.  At these far downstream locations, there is no PIV data as 
well to provide an estimation of how well the grids are performing, but a comparison of them at 
upstream locations (close to domeplate) showed that solution predicted by meshes 3, 4 and 5 are 
at the right track.  Hence based on this analysis we can trust the flowfield analysis predicted 
especially by meshes 3, 4 and 5 respectively.  The overall percentage values of ‘M3’, ‘M4’ and 
‘M5’ were 7.5, 4 and 5.5 respectively.  Thus ‘M4’ which is the average percentage difference of 
axial velocity magnitudes predicted by meshes 3 and 5 at different peaks gives the least error.  
Hence, after a detailed analysis of all grids, mesh 3 based on its close flowfield solution to mesh 
5 at almost all axial stations will be employed for different RANS turbulence model studies.  
Mesh 3 will also be used for further studying the parametric results in this multiple nozzle 
configuration by applying higher mass flow rates and changing the nozzle spacing. 
 
Clockwise Swirl 
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                      Left nozzle centerline                                               Right nozzle centerline 
 
Figure 3.21 Axial velocity along normalized axial location (P3 = 101 kPa, T3 = 300 K & 
    ?̇? = 5.2 g/s) 
 
 
 
 
 
 
 
 
 
Domeplate  
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0 
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                                                                          z/d = 1 
Domeplate center 
Right nozzle center Left nozzle center 
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                                                                         z/d = 2                               
 
 
 
 
 
 
 
                                                                         z/d = 2.5 
                                                                              
                                                                           
 
 
 
 
 
                                                                         
                                                                           z/d = 3 
 
Figure 3.22 Axial velocity and out of plane velocity along normalized radial location (x/d)    
at different axial stations (P3 = 101 kPa, T3 = 300 K & ?̇? = 5.2 g/s) 
  
64 
 
 
 
 
                                                                                  Δ 
 
 
 
 
 
 
 
 
 
 
Figure 3.23 Sample methodology employed to calculate the mean velocity difference (Δ) 
between successive grids 
 
 
Mi = Average [{(Mesh (i+1) – Mesh i)/ Mesh i}*100]                                                         (3.3) 
M4 = Average [{(Mesh 5 – Mesh 3)/ Mesh 3}*100]                                                             (3.4) 
M5 = Average [{(Mesh 5 – Mesh 4)/ Mesh 4}*100]                                                             (3.5) 
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a)                                                                  b) 
 
 
 
 
 
 
 
 
c)                                                                    d) 
Figure 3.24 Mean percentage difference between successive grid axial velocity (Vz) values   
a) z/d = 2   b) z/d = 2.5 c) z/d = 3 d) Overall mean percentage difference  
 
 M1 M2 M3 M4 M5 
z/d = 2 62.6 4.62 7.12 3.89 3.13 
z/d = 2.5 47.22 35.98 10.95 4.57 5.63 
z/d = 3 16.77 6.94 4.17 3.83 7.54 
Overall 42.2 15.85 7.41 4.1 5.43 
 
Table 3.1 Mean percentage difference between successive grids  
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3.3.5 RANS Formulation Study  
The objective of the above study is to understand the effect of using different turbulence model 
on the basic flow structure of this complex geometry. Three different RANS turbulence models 
were used for analysis.  The definition and importance of each of them have been discussed in 
the previous chapter.  The models used were standard k-𝜖, realizable k-𝜖 and SST-k-𝜔 without 
activating the low Reynolds number treatment near the wall.  The fourth model was also a SST-
k-𝜔 turbulence model, but the low Reynolds number treatment at the wall was activated for this 
case.  Mesh 3 was used for studying these different turbulence model effects on the flow 
structure.  The boundary and initial conditions were the same as that used for grid refinement 
study.  Figure 3.25 display axial velocity contour plots zoomed at the nozzle assembly chamber 
region for the four cases.  As in grid independence study, the four cases have a similar flow 
structure with respect to the formation of CTRZ and the location of inner and outer shear layer 
regions.  All four cases predict the initiation of vortex breakdown, just downstream of the 
domeplate.  However there are some minor differences in the lengths of CTRZ, the four models 
predict.  The standard k-𝜖 model predicts a CTRZ length of z/d = 2.1 for two nozzles while 
realizable k-𝜖 model predicts the length of left CTRZ to be around z/d = 1.9 and the right one to 
be slightly larger at z/d = 2.1.  SST-k-𝜔 model predicts a huge difference in CTRZ size with the 
left nozzle CTRZ measuring, z/d = 2.9 and right one, z/d = 2.  The modified SST-k-𝜔 model 
predicts the length of left CTRZ to be around z/d = 1.9 and right one to be around z/d = 1.7 
respectively.  All models except realizable k-𝜖  predict flow to be biased towards the left nozzle.  
They also predict some form of reversed flow in the divergent section of the nozzle assembly and 
small regions of reversed flow at the tip where the fuel injector is supposed to be located.  Figure 
3.26 displays the out of plane velocity contour plots for the four cases.  All four cases show 
positive Vy flow to the right side of nozzle indicating clockwise swirl.  However the realizable 
k-𝜖 and SST-k-𝜔 models predict longer length of positive and negative jets compared to the 
other models.   Figure 3.27 display 2D in-plane (x-z) velocity streamlines with an axial velocity 
contour background.  They provide a better picture of the general fluid flow behavior inside the 
plane.  They represent the axial component in z-axis and radial component of velocity in x-axis 
of plot respectively.  Here some significant differences have been observed among the four cases 
with regards to the structure of the corner recirculation zone (CRZ).  While the standard k-𝜖 
model predict the CRZ to be almost symmetric and similar in size, the realizable k-𝜖, SST-k-𝜔 
and its modified form predict some varying degrees of asymmetry.  They also predict the CRZ’s 
formed on the corners of both nozzles to be dissimilar in length.  The streamlines also show that 
the flow is attached to the bounding wall.  At this point, it is to be noted that the SST model 
provides a more accurate prediction of flows with strong adverse pressure gradients and 
separation compared to the k-𝜖 models (Menter, 2003).  The SST-k-𝜔 model is meant to 
combine the advantages of k-𝜖 models in the core flow and k-𝜔 models while assessing 
boundary layer flow (Menter, 2003).  Figure 3.28 exhibits the axial velocity line plots along the 
left and right nozzle centerline for the different turbulence models.  The axial location (z/d) has 
been normalized by the nozzle diameter (d = 1 inch).  All the four models show a similar flow 
behavior, where the recirculation region extends into the combustion chamber and has a length 
of almost one fourth of the axial length.   
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From the domeplate up to z/d = 1 inside the chamber, a strong reversed flow region is observed.  
Thereafter, the recirculation region gets weaker and disappears at about z/d = 1.8 from the 
domeplate, although in case of the modified SST model, the recirculation zone disappears at 
about z/d = 1.5 for the right nozzle centerline.  After that the axial velocity briefly reach positive 
value, after which it again decreases and become almost constant for the rest of  axial location.   
 
 
 
 
 
 
           
 
 
 
 
 
 
                               Standard k-𝝐                                                      Realizable k-𝝐 
 
 
 
 
 
 
 
 
                                  SST-k-𝝎                                                     SST-k-𝝎 (low Re correction) 
Figure 3.25 Axial velocity contour plots (P3 = 101 kPa, T3 = 300 K & ?̇? = 5.2 g/s) 
 
z/d =2.2 
z/d = 2.9 z/d = 2 z/d = 1.7 
z/d = 1.9 
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                                    Standard k-𝝐                                                 Realizable k-𝝐 
 
 
 
 
 
 
 
                                         SST-k-𝝎                                           SST-k-𝝎 (low Re correction) 
Figure 3.26 Out of plane velocity (Vy) contour plots (P3 = 101 kPa, T3 = 300 K &               
?̇? = 5.2 g/s) 
 
Figure 3.29 show axial velocity and out of plane velocity line plots along radial location, 
normalized by the nozzle diameter (x/d), and at axial locations of z/d = 0 (domeplate), 0.5, 1 and 
3 respectively.  At z/d = 0.5 and 1, the results are also compared with the PIV data.                    
At z/d = 0, the axial and out of plane velocity plots of all the four cases are similar.  They show a 
parabolic profile signifying.  The axial and out of plane velocity plots show well defined peaks 
close to the domeplate, and corresponding maximum and minimum values.  Further downstream 
the flows begin to mix and the corresponding velocity values begins to decay.  At z/d = 0.5 and 
1, the axial and out of plane velocity plots are compared with PIV results.  At z/d = 0.5, the flow 
behaves symmetrically as has been predicted by both PIV and numeric analysis.  Despite a 
relatively close agreement with experimental results at both z/d = 0.5 and 1 respectively, few 
differences at some radial locations are observed.  All RANS models underpredict axial and out 
of plane velocity values compared to PIV data at most radial locations.  Differences in axial 
velocity magnitudes between PIV and numerical data at both nozzle center are observed due to 
high velocity gradient and turbulence in that region.  Far downstream of domeplate especially at 
z/d = 2 and 3, disparities in the flow behavior among the four models become prevalent.  A 
closer look reveals that the SST-k-𝜔 model axial and out of plane velocity magnitudes match 
  
69 
 
most closely with PIV data for most radial points.  This will be further validated by doing a 
statistical analysis of all the RANS models side by side taking PIV data as a reference.  The 
model whose velocity magnitudes show a closer conformity to PIV data will be employed for 
further parametric analysis. 
  
 
 
 
 
 
 
                             Standard k-𝝐                                                  Realizable k-𝝐 
 
 
 
 
 
 
                                   SST-k-𝝎                                         SST-k-𝝎 (low Re correction) 
 
Figure 3.27 In-plane (x-z) velocity streamlines with axial velocity contour plot background              
(P3= 101 kPa, T3 = 300 K & ?̇? = 5.2 g/s) 
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                      Left nozzle centerline                                               Right nozzle centerline 
 
Figure 3.28 Axial velocity along normalized axial location (P3 = 101 kPa, T3 = 300 K & 
    ?̇? = 5.2 g/s) 
 
 
  
 
 
 
 
 
 
                                                                        z/d = 0 (domeplate) 
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                                                                         z/d = 0.5 
 
  
 
 
 
 
 
                                                              z/d = 1 
 
 
 
 
 
 
  
                                                               z/d = 3 
 
Figure 3.29 Axial velocity and out of plane velocity along normalized radial location (x/d)    
at different axial stations (P3 = 101 kPa, T3 = 300 K & ?̇? = 5.2 g/s) 
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A statistical analysis of various RANS model validation with respect to PIV results were also 
carried out.  All RANS models have some limitations and comparing their efficacy at different 
radial locations in a graph with respect to the PIV results side by side provide a much clearer 
picture.  The previous section showed that steady RANS simulations generally follow the same 
trend overall.  Their limitations in predicting the phenomena that happen in swirl stabilized 
nozzles are mostly due to the fact that these flow features are highly unsteady and steady 
computations tend to usually underpredict turbulence.  To choose the model for further 
parametric analysis of swirl stabilized nozzles a criterion was chosen based on the mean and 
standard deviation of the difference between PIV and CFD values.  This analysis was done for 
radial locations of z/d = 0.5 and 1 respectively.  For both z/d = 0.5 and 1 respectively, both axial 
and out of plane velocity (swirl) components were used for comparison.  These lines were 
extracted from both PIV and CFD data planes and interpolated onto a regular one dimensional 
grid of the same resolution of the PIV measurements.  This provides a data set where there is 
exactly one corresponding CFD data point for each PIV data point.  Figure 3.30 provides a 
graphical representation of the analysis carried out.   
 
 
 
 
 
 
 
 
Figure 3.30 Sample methodology employed to calculate the mean and standard deviation 
 
∆𝑖 =  𝑣𝑃𝐼𝑉 − 𝑣𝐶𝐹𝐷                                                                                                                      (3.6)  
is the difference between the experimental and computed value at a given point ‘i’ for the 
velocity variable ‘v’. The subscript ‘p’ and‘t’ refer to the peak and trough of the plot. 
Percentage Total Variation = ∑
(𝛥𝑖  
𝑃𝐼𝑉 
⁄ )*100                                                                         (3.7) 
Mean Variation = Average (Percentage Total Variation)                                                          (3.8) 
Standard Deviation = Standard Deviation (Percentage Total Variation) 
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a)                                                                         b) 
 
 
 
 
 
 
   
 
 
 
                                         c)                                                                           d)  
                                             
 
 
 
 
 
 
                                                                                   e) 
Figure 3.31 Mean and standard deviation of percentage difference between PIV and CFD 
velocity values of different RANS Models a) Axial velocity (Vz) b) Out of plane velocity (Vy) 
c) Axial velocity (Vz) d) Out of plane velocity (Vy) e) Overall Mean and Standard Deviation 
z/d = 0.5 
z/d = 1 
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 Standard k-𝝐 Realizable k-𝝐 SST-k-𝝎 Corrected SST-
k-𝝎 
Mean 22.96 18.87 12.23 17.39 
Std. Deviation 7.47 7.42 10 10.2 
 
Table 3.2 Overall mean and standard deviation of different RANS turbulence models with 
respect to PIV data 
Figure 3.31 summarizes the statistical analysis results in the form of a bar graph.  The first figure 
shows the mean and standard deviation of percentage variation between PIV and CFD axial 
velocity (Vz) values for different RANS models at z/d = 0.5.  Both standard and realizable 𝑘 − 𝜖  
models display a similar mean and standard deviation percentage difference of around 22 and 9 
respectively, while the corrected 𝑆𝑆𝑇 𝑘 − 𝜔  model shows a mean and standard deviation of 
percentage variation of around 18 and 7 respectively.  The 𝑆𝑆𝑇 𝑘 − 𝜔 model shows the lowest 
mean percentage variation of all models, but its standard deviation is also the highest among all 
models.  For the out of plane velocity (Vy) percentage variation at z/d = 0.5, again the 𝑆𝑆𝑇 𝑘 − 𝜔 
model displays the least average among all RANS models, while the realizable 𝑘 − 𝜖 exhibits 
least standard deviation from the mean percentage difference. 
At z/d = 1, the 𝑆𝑆𝑇 𝑘 − 𝜔 model gives the lowest mean percentage variation from PIV data for 
both axial and out of plane velocities, while it again displays highest standard deviation for out 
of plane velocity among all RANS model.  The reason for such a high standard variation is 
because at some points in the plot the 𝑆𝑆𝑇 𝑘 − 𝜔 values match closely with the PIV values, 
while at a few points the velocity values between them vary a lot.  The overall summary of mean 
and standard deviation of different RANS models with respect to PIV data have also been 
provided in table 3.2 above. 
Overall, the 𝑆𝑆𝑇 𝑘 − 𝜔 model agrees most closely with PIV data as evidenced by it having the 
lowest mean variation from PIV data of about 12 percent.  It is followed by the corrected 
𝑆𝑆𝑇 𝑘 − 𝜔 model of around 17 percent.  The realizable and standard 𝑘 − 𝜖 models have overall 
mean percentage variation of 19 and 23 percent respectively.  Although, 𝑆𝑆𝑇 𝑘 − 𝜔 has a 
relatively high overall standard deviation, the mean percentage difference from other models 
with respect to PIV values indicate it can be trusted for further numerical analysis.  Higher 
expectations are put into this model since it is meant to combine the advantages of k-epsilon 
models in the core flow and standard k-omega models in assessing boundary layer flow.  
Although the range of percentage variation in both axial and out of plane velocity values of all 
RANS model at different radial location varies between 3 to almost 25 percent, they do provide 
an order of trust worthiness as far as flow prediction is concerned. 
Finally after conducting a detailed analysis of all meshes and different steady RANS turbulence 
model, it can be concluded that mesh 3 and 𝑆𝑆𝑇 𝑘 − 𝜔 RANS model will be employed for 
further parametric analysis.  The next section provides an insight into the stability characteristics 
of the numerical solution. 
  
75 
 
3.3.6 Numerical Solution Stability Study 
The objective of the above analysis is to check the accuracy of the solution before proceeding 
with further parametric analysis.  As discussed earlier, although the solution didn’t converge 
even after 20,000 iterations, the values of the residuals of most variables were constant at four 
orders of magnitude.  Since very little change in values of variables were observed for almost the 
entire runtime, it is assumed that the solution is stable and stagnant.  Although an analysis of 
changes in solution variables at different iterations was not conducted due to constraint in 
computational resources and time, the validity of the numerical solution was checked by 
observing the residual map at steps of 20 iterations from the final solution obtained.  It is said 
that most of the changes in residual values of variables happen in the first 20 iterations.  Thus 
fifteen cases of 20 iterations each were run after the final solution to examine changes in the 
flowfield.  The results have been presented in the form of axial velocity contour maps and line 
plots in figures 3.32, 3.33 and 3.34 respectively.  Figure 3.32 present the axial velocity contour 
plots at different solution iterations.  The plots are zoomed at the nozzle assembly-flametube 
region and show that apart from some very minor differences in size of VBB, all the iterations 
exhibit a similar flow structure.  Figure 3.33 exhibits the axial velocity profile along centerline of 
left nozzle and chamber respectively.  The PIV results were also included as a way of validating 
the analysis.  The plots show the different iteration curves piling on top of each other which 
means that there are relatively miniscule differences in the values of velocity at different 
iterations.    
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Figure 3.32 Axial velocity contour plots at different iterations (P3 = 101 kPa, T3 = 300 K & 
?̇? = 6.7 g/s) 
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Figure 3.33 Axial velocity along centerline of left nozzle and chamber (P3 = 101 kPa,         
T3 = 300 K & ?̇? = 6.7 g/s) 
 
There is some measurement error at the domeplate and just downstream of it, and hence the 
difference with various CFD iterations near those points in the curve.  The observations have 
been further validated by plotting the axial and out of plane velocity curves along normalized 
radial location and two different axial stations of z/d = 0.5 and 1 respectively in figure 3.34.  The 
results from different iterations were again compared with the PIV results.  The plots show 
velocity curves from different iterations lying on top of each other and further proves the 
stability of the numerical solution.  The reason the numerical solution is not converging and is 
stagnant may lie with mesh imperfections in some local geometrical areas.  That would mean a 
further mesh refinement and a lot more computational resources and time, both of which are 
constrained.  However since the output from different iteration cases are compared with the PIV 
results and predict a similar general flow behavior, it is assumed that the important areas in the 
domain have not been affected by the non-convergence of the entire solution.  
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                                     z/d = 0.5                                                            z/d = 1 
 
Figure 3.34 Axial (Vz) and Out of plane (Vy) velocity plots along normalized radial location 
at different axial stations (P3 = 101 kPa, T3 = 300 K & ?̇? = 6.7 g/s) 
 
z/d 
x/d 
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Chapter 4 
 
Results and Discussion 
 
4.1 Numerical analysis of swirl effect in a non-reacting turbulent flowfield of a 
simplified multiple inlet lean direct injection combustor 
 
The major objectives of this analysis are to understand swirl induced flow phenomena in a pipe 
with sudden expansion and the role turbulence plays in it.  One of the major factors that define 
the nature of flowfield in swirl induced confined channels is the degree of swirl imparted to the 
incoming flow.  As discussed in the previous chapter, the swirl intensity can be described by 
either the swirl angle or swirl number.  The definition of swirl angle is synonymous with inverse 
tangent of the ratio of tangential velocity to mean axial velocity.  The swirl number on the other 
hand is defined as the ratio of angular momentum to the linear momentum of swirled stream.  
According to Ahuja et al (1997), the swirl strength has a strong effect on the size of the corner 
recirculation zone (CRZ) in the combustor.  Higher degrees of swirl are responsible for shorter 
and tighter corner recirculation regions while low swirl intensity produce a relatively large 
corner recirculation region.  These effects are demonstrated in the contour and line plots 
described in figures below.  The incoming swirl for the above case corresponds to a solid body 
rotation (forced vortex) that is imposed on the flow in the upstream swirler exit plane.  Table 4.1 
below display the values of variables defined for swirl number formulation.  Figures 4.1 to 4.5 
provide a description of the non-reacting flowfield for low swirl to medium swirl strength, while 
figures 4.6 to 4.10 describe the corresponding flowfield in case of high swirl numbers.  Figure 
4.1 display the axial velocity (𝑉𝑧) contour plots for swirl number obtained by formulation 
described in the previous chapter.  The swirl numbers used for low to medium swirl strength are 
0, 0.38, 0.67, 1.03 and 1.07 which correspond to vane angles (𝛽) of 0, 30, 45, 57 and 58 degrees 
respectively.      
For no swirl and small swirl numbers of 0, 0.38 and 0.67 respectively, there is no central toroidal 
recirculation zone (CTRZ) as the axial pressure gradient is not sufficiently large enough to create 
them.  The contour plots also indicate that angle of spread of the jet increases with an increase in 
the degree of swirl.  As expected, corner recirculation zones (CRZ) are formed for weak swirl as 
well as for the no swirl case.  They are formed along the corner wall of both inlets.  It is observed 
in figure 4.1 that the CRZ size decreases with an increase in the degree of swirl.  This is due to 
the spreading of inner jet stream.  This in turn accounts for an increase in pressure gradient in the 
radial direction.   The pressure gradient in axial direction for these swirl intensities is not strong 
enough to sustain flow reversal along the central axis.  However at swirl numbers of 1.03 and 
1.07 respectively, the axial (adverse) pressure gradient overcomes the momentum of fluid and 
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the flow reverses its direction along the central axis of both inlets.  A central toroidal 
recirculation zone (CTRZ), which is a type of vortex breakdown is formed.  However the size of 
CTRZ in both these cases are small and compact.  Figure 4.2 display the tangential velocity (𝑉𝑦) 
contours for low and medium swirl number cases.  As the tangential velocity of no swirl will be 
negligible, that case has been omitted.  Here it is observed, that the intensity of both positive and 
negative velocity increase, as well as length of jets increase with increasing swirl.  Figure 4.3 
exhibits 2D in-plane (x-z) velocity streamlines along an axial velocity contour background.  
They provide a better picture of general fluid flow behavior in that plane.  Their components are 
the radial component of velocity in x-direction and axial component of velocity in z-direction 
respectively.  The plots show vortices forming along the two corner walls for all cases.  These 
are due to radial pressure gradient generated by sudden expansion of geometry.  Asymmetry in 
formation of CRZ along both walls is observed especially for swirl numbers of 1.03 and 1.07 
respectively.  Figure 4.4 display axial velocity line plots along the left and right inlet centerline 
respectively.  The axial location (z/d) has been normalized by the inlet diameter (d = 1 inch).  
The plots show that the axial velocity decays faster as the flow moves downstream for increase 
in swirl intensity.  The appearance of vortex breakdown as has been observed in contour plots 
firsts appears for swirl number of 1.03.       
 
Vane 
angle (𝜷) 
𝑺𝒘𝒊𝒓𝒍 𝒏𝒖𝒎𝒃𝒆𝒓 (𝑺𝑵) 𝑨𝒙𝒊𝒂𝒍 𝒗𝒆𝒍𝒐𝒄𝒊𝒕𝒚, 𝑽𝟎 (
𝒎
𝒔⁄ ) Tangential 
velocity, 𝑽𝒕𝟎 
(m/s) 
Angular 
velocity, ?̇? 
(rad/s) 
0 0 6.38 0 0 
30 0.38 6.38 3.63 285 
45 0.67 6.38 6.41 502 
57 1.03 6.38 9.86 772 
58 1.07 6.38 10.24 802 
60 1.15 6.38 11.01 862 
65 1.43 6.38 13.68 1072 
70 1.83 6.38 17.51 1372 
75 2.49 6.38 23.83 1867 
 
                         Table 4.1 Inlet boundary conditions at various swirl numbers 
Figure 4.5 show the line plots of both axial and tangential velocities along the radial location 
normalized by inlet diameter (x/d) at four different axial locations of z/d = 0.8, 1.3, 2.8 & 5.3 
respectively.  The center of the plot (x/d = 0) is the center of the domeplate equidistant from both 
inlets.  The negative normalized radial axis corresponds to the right inlet and the positive 
normalized radial axis corresponds to the left inlet.  At z/d = 0.8, which is just downstream of the 
domeplate, the axial velocity plots show well defined peaks close to the centerline for swirl 
numbers of 1.03 and 1.07 while low swirl number cases display a more developed flow profile.  
At z/d = 1.3, the flow from inner shear layers between two nozzles begin to mix for swirl 
numbers of 1.03 and 1.07 respectively, while they remain as two parallel jets for low swirl cases.  
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Further downstream at z/d = 2.8 and 5.3 respectively, the axial velocity decays rapidly for SN = 
1.03 and 1.07 compared to low SN cases.  The zero and low swirl number cases show very little 
change in axial velocity values as the flow moves downstream compared to swirl numbers of 
1.03 and 1.07, which gets converted to a wake profile behind a solid object from a jet like profile 
at z/d = 5.3.  The tangential velocity plots show positive values at positive x/d locations 
indicating clockwise flow rotation.  The peak value of the tangential velocity increases as the 
degree of swirl increase for all downstream axial locations.  At z/d = 5.3, the peak tangential 
velocities decrease rapidly for swirl numbers of 1.03 and 1.07 compared to low swirl cases, as 
the flow display uniform behavior.       
                                                         
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1 Axial velocity contour at mid y-plane for low and medium swirl numbers          
(P3= 101 kPa, T3 = 300 K) 
 
No swirl 0.38 0.67 
1.03 
 
1.07 
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                                                  0.38                                            0.67 
 
 
 
 
 
 
 
 
 
                                                  1.03                                            1.07 
Figure 4.2 Tangential velocity contour at mid y-plane for low and medium swirl numbers          
(P3= 101 kPa, T3 = 300 K) 
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                                No swirl                                       0.38                                        0.67 
 
 
 
 
 
 
 
 
        
                                                             1.03                                                    1.07 
Figure 4.3 In-plane (x-z) velocity streamlines with axial velocity contour plot background 
for low and medium swirl numbers (P3= 101 kPa, T3 = 300 K) 
 
 
 
 
 
  
83 
 
 
 
 
  
 
 
 
 
 
                         Left inlet centerline                                               Right inlet centerline 
 
         Figure 4.4 Axial velocity along normalized axial location (P3 = 101 kPa, T3 = 300 K)  
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                                                                             z/d = 1.3 
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                                                                              z/d = 2.3 
  
 
 
 
 
 
 
 
                                                                               z/d = 5.3 
 
Figure 4.5 Axial and tangential velocity along normalized radial location (x/d) at     
different axial stations (P3 = 101 kPa, T3 = 300 K) 
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                                                   1.15                                                     1.43 
 
 
 
 
 
 
 
 
 
                                                  1.83                                                      2.49 
Figure 4.6 Axial velocity contour at mid y-plane for high swirl numbers (P3= 101 kPa,          
T3 = 300 K) 
 
Figure 4.6 display the axial velocity contour(𝑉𝑧) for swirl strength of 1.15, 1.43, 1.83 and 2.49 
which correspond to blade angles (𝛽) of 60, 65, 70, and 75 degrees respectively.  As discussed 
previously in cases of strong swirl, a central toroidal recirculation zone (CTRZ) is formed due to 
excess adverse pressure gradient and the flow reverses its direction in central region of the field.  
It is very stable and almost symmetric.  As the swirl number increase, the size of corner 
recirculation zone (CRZ) also decrease to a point where for swirl number of 2.49, the CRZ size 
is almost negligible.  Figure 4.6 also indicates that the length and strength of CTRZ increase as  
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swirl number increase.  Figure 4.7 represents the tangential velocity(𝑉𝑡) contour for high swirl 
numbers.  They indicate that the length of the positive and negative jets increase and angle of 
spread of jets increase as well for swirl number increases.  This is due to increased angular 
momentum of jets as the swirl intensity increases.  Since the jet spread is wider for high swirl 
cases, both negative and positive jets tend to interact with corner walls. 
 
 
 
 
 
 
 
 
 
 
                                                     1.15                                                      1.43 
 
 
 
 
 
 
 
 
 
 
                                                     1.83                                                      2.49 
Figure 4.7 Tangential velocity contour at mid y-plane for high swirl numbers                 
(P3= 101 kPa, T3 = 300 K) 
  
87 
 
 
 
 
   
 
 
 
 
 
 
 
                                                  1.15                                                       1.43 
 
 
 
 
 
 
 
 
 
                                                 1.83                                                        2.49 
Figure 4.8 In-plane (x-z) velocity streamlines with axial velocity contour plot background 
for high swirl numbers (P3= 101 kPa, T3 = 300 K) 
 
The in-plane (x-z) velocity streamline plots having axial velocity contour background of high 
swirl cases as exhibited in figure 4.8 indicate good mixing of flow between both inlets and a 
small region of flow reversal develops within that vicinity.  The development of CTRZ takes 
place along central axis of both inlets and spreads wider in the radial direction with increasing 
swirl intensity.      
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                          Left inlet centerline                                               Right inlet centerline 
 
         Figure 4.9 Axial velocity along normalized axial location (P3 = 101 kPa, T3 = 300 K) 
 
 
 
 
  
 
 
                                                                       z/d = 0.8 
 
 
 
 
 
 
 
                                                                        z/d = 1.3 
  
89 
 
 
 
 
 
 
 
 
 
 
 
                                                                      z/d = 2.3 
 
 
 
 
 
 
 
                                                                       z/d = 5.3 
 
Figure 4.10 Axial and tangential velocity along normalized radial location (x/d) at different 
axial stations (P3 = 101 kPa, T3 = 300 K) 
 
Figure 4.9 display the line plots of axial velocity along normalized axial location for strong swirl 
numbers.  All four cases show flow reversal, just downstream of domeplate.  As the swirl 
number increase, the formation of recirculation zone move closer towards both inlets.  It is 
observed that the length and strength of CTRZ increases as the swirl number increase.  It is also 
seen that the axial velocity decays much faster for higher swirl intensities.  Figure 4.10 show the 
line plots of both axial and tangential velocity line plots along the radial location normalized by 
inlet diameter (x/d) at four different axial station of z/d = 0.8, 1.3, 2.8 & 5.3 respectively.  The 
center of the plot (x/d = 0) is the center of the domeplate equidistant from both inlets.  The 
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negative normalized radial axis corresponds to the right inlet and the positive normalized radial 
axis corresponds to the left inlet. At z/d = 0.8, it is already observed in case of axial velocity 
behavior, that the flows from inner shear layer have merged for all cases about the centerline 
except for swirl number of 1.15.  The peak axial velocity along the centerline of the inlet 
increases with increasing swirl, but the velocity values decay more rapidly moving away from 
the centerline as swirl intensity increase.  At z/d = 1.3, the flows from inner shear layer at swirl 
number of 1.15 have merged, while the other higher swirl numbers display decayed peak 
velocity values about the centerline which increase with increasing swirl number. This is due to 
fast merger of the jets having a wider spread angle for increasing swirl.  Hence quick and 
efficient mixing of jets occur for higher swirl.  At z/d = 2.3, the swirl number of 1.15 still 
displays a jet like profile while other swirl numbers have started conversion to a more uniform 
wake like profile.  Finally at z/d = 5.3, all swirl numbers display a uniform velocity profile.  The 
tangential velocity line plots also follow a conversion from well defined peaks to a flat profile as 
the flow moves downstream.  The positive tangential velocity along positive normalized radial 
location indicates clockwise circumferential motion.  It is also seen that apart from swirl number 
of 1.15, the other three swirl number cases display a similar flow behavior, whereby the positive 
and negative velocities increase and decrease with increasing swirl intensity respectively.  This 
indicates rapid mixing of the jets at high swirl number. 
Figure 4.11 displays the turbulent kinetic energy contour at midplane for swirl numbers of 0.38, 
1.03, 1.43 and 2.49 respectively.  As expected, it is observed that the turbulent activity increase 
drastically for increasing swirl intensities.  This is due to the fact that at higher swirl number, 
improved mixing between the two jet stream occurs due to the rapid outward migration of the jet 
stream and the formation of toroidal vortices close to the swirler exit.  The transition of 
turbulence activity is evident from low to high swirl number.  At swirl number of 0.38, there is 
apparently no turbulence at the domeplate and the jets shoot downstream.  As the swirl intensity 
increase, the level of turbulence activity is evident along the dome plane.  As the flow moves 
downstream the turbulent kinetic energy decreases.  Higher turbulent kinetic energy indicates 
enhanced mixing of the jets and thus improves the efficiency of burning for reacting cases.  It 
also improves the flame holding capability of combustor in general, providing proper ignition 
environment for the incoming fuel and air, thus reducing harmful emissions. 
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                                                                0.38                                                       1.03                                                             
  
 
 
 
 
 
 
 
 
                                                              1.43                                                          2.49        
 
Figure 4.11 Turbulent kinetic energy contour at mid y-plane (P3= 101 kPa, T3 = 300 K) 
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4.2 Numerical results of a non-reacting turbulent flowfield in an actual single/ 
multiple nozzle swirl stabilized lean direct injection combustor 
 
4.2.1 Effect of Increasing Massflow Rate 
 
The objective of the above study is to understand the non-reacting flow phenomena for the actual 
geometric model, by incorporating different mass flow rates.  As discussed in the previous 
chapter, mesh 3 will be used for doing analysis.  To incorporate turbulence into flow, a SST- k-𝜔 
model will be utilized as finalized in the previous chapter.  Four different airflow rates of  ?̇? = 
5.2 g/s, 6.7 g/s, 8.0 g/s and 9.2 g/s were used for numerical study.  These mass flow rates were 
selected as they were also used in running the particle image velocimetry (PIV) tests conducted 
by Dolan et al (2015).  The nozzle spacing used for analysis is S = 1.36d (d = 1 inch).  The 
numerical results will be compared to his PIV results for different nozzle spacing in the next 
section.  The temperature (T3 = 300 K) and pressure (P3 = 101 kPa) at the inlet are same as used 
for grid refinement and RANS model studies.  The +z axis runs from left to right, hence velocity 
in that direction is the axial velocity (Vz).  The velocity component normal to x-z plane i.e. y-
velocity (Vy) is the out of plane velocity.  If the axis of rotation is changed from the center of the 
domeplate to one of the nozzle centers, Vy becomes the tangential velocity, Vt.  Figure 4.12 
displays the axial velocity contour at mid y-plane which is zoomed at the nozzle assembly- 
rectangular flametube region.  Both nozzles form central toroidal recirculation zone (CTRZ) 
along the nozzle centerlines as expected.  Although there are corner recirculation zones (CRZ) 
for all the mass flow rates, they are asymmetric and irregularly shaped.  Short bubble shaped 
corner recirculation zones are observed for all mass flow rates of except the case of 5.2 g/s.  The 
size of lateral recirculation zones (LRZ) between nozzles are also similar for the four mass flow 
rates.  Higher magnitude of reversed flow and velocity gradient is observed with increasing flow 
rates.  The intensity of swirled jets coming out of nozzle also increases with higher flow rates 
promoting greater flow entrainment.  It can be seen for all mass flow rates that initialization of 
the recirculation zone starts upstream of the domeplate at approximately z/d = -0.4.  All four 
mass flow rates predict a significantly longer length of the central toroidal recirculation zone 
(CTRZ) for left nozzle compared to the right one, indicating the flow is more biased towards that 
nozzle (positive x/d).  This feature has also been observed in the experiments.  The length of 
CTRZ for both nozzles also increase with increasing mass flow rate.  This may be due to higher 
flow velocities through the nozzle assembly due to which more air flows downstream of the 
domeplate and flow reversal starts further downstream.  It has been observed by Yehia et al. 
(2011) that increase in mass flow rates lead to increased axial and tangential velocity as well 
turbulent kinetic energy.  Even though increasing the mass flow rate will provide a longer 
recirculation region, excessive mass flow rate can often lead to greater chances of flame blowoff 
in cases of reacting flow.  It also predicts small region of reversed flow downstream of 
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domeplate along the divergent venturi and also at the tip of nozzle assembly where the simplex 
pressure atomizer is supposed to be located.     
 
 
 
 
 
 
 
 
                                                                                                                 
 
  
 
  
 
 
                                    ?̇? = 5.2 g/s                                                      ?̇? = 6.7 g/s 
 
 
 
 
 
 
 
                                     ?̇? = 8.0 g/s                                                     ?̇? = 9.2 g/s 
 
Figure 4.12 Axial velocity contour plot (P3 = 101 kPa, T3 = 300 K, S = 1.36d) 
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?̇? (g/s) S 𝑺𝑵 CTRZ length 
(left nozzle –
z/d) 
CTRZ length 
(right nozzle –
z/d) 
5.2 1.36d 0.71 2.9 2 
6.7 1.36d 0.75 3.4 2.2 
8.0 1.36d 0.75 3.5 2.2 
9.2 1.36d 0.74 3.6 2.3 
       
Table 4.2 Swirl number and CTRZ length for different massflow rates 
 
The swirl numbers and the length of left and right nozzle CTRZ for the four massflow rates have 
been listed in table 4.2.  The swirl number values doesn’t show much difference for increasing 
massflow rates.  It could be due to the fact that at high massflow rates, the axial velocity 
magnitudes increase significantly compared to tangential velocity. As expected the length of 
both left and right CTRZ increase with increasing massflow rates. 
Figure 4.13 displays the out of velocity contour plot(𝑉𝑦) for different mass flows.  Positive 𝑉𝑦 is 
located on the right side of the nozzle which is generally consistent with the clockwise swirl 
rotation.  The flowfield between the left and right nozzle are observed to be generally similar, but 
few asymmetries are observed further downstream.  The intensity and length of both positive and 
negative jets increase with increasing massflow rate.  This may be due to higher expansion angle 
in case of high flow rates. 
Figure 4.14 show 2D in-plane (x-z) velocity streamlines which are contoured by axial velocity 
maps.  They exhibit vortical structures which are prevalent in a swirled non reacting flowfield 
with turbulence.  The plots indicate the highly unsteady and dynamic flowfield observed.  
Although the size of CTRZ’s from both nozzles are almost similar, the CRZ’s are seen to be 
more intense towards the right wall compared to left especially for high massflow rates of 8.0 
and 9.2 g/s.  They also indicate the length of swirled jets and size of LRZ to be similar for all 
massflow rates.  The flow behavior represented by streamlines indicate the presence of stationary 
coherent structures as a result of high degree of swirling flow at the nozzle assembly-chamber 
interface.  The rotation and interactions of these coherent structures occurring in the flowfield, 
might play an important role in the dispersion of liquid fuel particles, which in turn will cause an 
impact on turbulent mixing between fuel and oxidizer in the combustion chamber. 
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                                       ?̇? = 5.2 g/s                                                          ?̇? = 6.7 g/s 
 
 
 
 
 
 
                                      ?̇? = 8.0 g/s                                                             ?̇? = 9.2 g/s 
 
Figure 4.13 Out of plane velocity (Vy) contour plot (P3= 101 kPa, T3 = 300 K, S = 1.36d) 
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                                          ?̇? = 5.2 g/s                                                         ?̇? = 6.7 g/s 
 
 
 
 
 
 
 
                                      ?̇? = 8.0 g/s                                                       ?̇? = 9.2 g/s 
 
Figure 4.14 In-plane (x-z) velocity streamlines with axial velocity contour plot background              
(P3= 101 kPa, T3 = 300 K, S = 1.36d) 
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                                        ?̇? = 5.2 g/s                                                              ?̇? = 6.7 g/s 
 
 
 
 
 
 
                                        ?̇? = 8.0 g/s                                                     ?̇? = 9.2 g/s 
 
 
Figure 4.15 Axial velocity (Vz) contour plot (P3= 101 kPa, T3 = 300 K, S = 1.36d,                  
z/d = -0.43) 
 
z/d = -0.43 
z/d = -0.2 
z/d = -0.05 
z/d = 0.5 
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                            ?̇? = 5.2 g/s                                                              ?̇? = 6.7 g/s 
 
  
 
 
 
                             ?̇? = 8.0 g/s                                                              ?̇? = 9.2 g/s            
 
 
 
  
 
                    
           
                              ?̇? = 5.2 g/s                                                                           ?̇? = 6.7 g/s 
 
 
 
  
                             
                                ?̇? = 8.0 g/s                                                              ?̇? = 9.2 g/s 
 
Figure 4.16 Axial velocity (Vz) contour plot (P3= 101 kPa, T3 = 300 K, S = 1.36d) 
z/d = -0.05 
z/d = -0.20 
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                                  ?̇? = 5.2 g/s                                                                              ?̇? = 6.7 g/s 
 
 
 
 
                 
                      
 
 
                                      ?̇? = 8.0 g/s                                                                 ?̇? = 9.2 g/s 
 
   Figure 4.17 Axial velocity (Vz) contour plot (P3= 101 kPa, T3 = 300 K, S = 1.36d,            
z/d = 0.5) 
 
Figures 4.15, 4.16 and 4.17 exhibit axial velocity contours in x-y plane inside the region between 
air swirlers and chamber at various axial stations.  It can be seen that the magnitude of axial 
velocity decreases as the flow moves downstream.  For z/d = -0.43 i.e. at the throat of venturi 
section it is seen that the flow is identical for all sets of swirler passages, in both nozzles for all 
the mass flow rates.  It is due to the fact that all passages are separate from each other.  The only 
difference in the flow structure is observed with respect to velocity magnitudes which increases 
at all swirlers and the central circular plane as the mass flow rates increase.  At z/d = -0.2, which 
is further downstream of previous location, a reversed flow region is observed in the center of 
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the plane for all mass flow rates, surrounded by a high velocity jet coming out of the swirler vane 
passage.  Reversed flow regions are also seen along corners of the wall.  Again the four mass 
flow rates exhibit the same flow features, albeit slight differences in the flow magnitude of jets 
surrounding the reversed flow region.  At z/d = -0.05 which is just upstream of the domeplate, 
the basic flow structure appear the same for all mass flow rates.  The recirculation region 
expands in the central plane for all four cases.  However the intensity of velocity jet coming out 
of swirlers along the wall corners, surrounding the reversed flow region increases with increasing 
mass flow rates.  The recirculation zones from the surrounding swirlers continue to stretch and 
deform due to the deformation of swirling flows near the wall.  The positive and negative jets 
coming out of various swirlers have started to mix at their interfaces and merge into a single 
recirculation zone as the flow moves downstream.  At z/d = 0.5, which is downstream of 
domeplate the recirculation region at the center of nozzles continue to expand and are surrounded 
by high velocity jets for all cases.  The magnitude of jets surrounding the recirculation zone 
increase with increasing air flow rates.  Furthermore small reverse flow regions can also be 
observed near corners of the wall.    As the flow moves downstream, the jet streams from each 
swirler combine with each other and the velocity signatures of the original jet stream disappear 
along with recirculation zones at wall corners and at the interface between nozzles.    
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                                                                      z/d = -0.43 
 
 
 
 
 
 
                                                                       z/d = -0.2 
 
 
 
 
 
 
                                                                        z/d = -0.05 
 
 
 
 
 
                                                                         z/d = 0.5 
                 ?̇? = 6.7 g/s                                                                         ?̇? = 9.2 g/s 
Figure 4.18 In-plane (x-z) velocity streamlines with tangential velocity (𝑽𝒕) contour plot at 
different axial stations (P3= 101 kPa, T3 = 300 K, S = 1.36d) 
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                               ?̇? = 6.7 g/s                                                                         ?̇? = 9.2 g/s 
Figure 4.19 Recirculation zone visualized by zero axial velocity isosurface till the domeplate 
(P3= 101 kPa, T3 = 300 K, S = 1.36d) 
 
Figure 4.18 exhibit 2D in-plane (x-z) velocity streamlines of the left nozzle with a tangential 
velocity contour background for two mass flow rates of 6.7 g/s and 9.2 g/s respectively.  The axis 
of rotation was changed from the center of the domeplate to the center of left nozzle.  At z/d = -
0.43, the flow structure of the two mass flow rates are similar.  A swirl flow is clearly observed 
at the central circular plane along with rotation of air as displayed by the streamlines for both 
cases.  The swirled flow region is surrounded by both positive and negative jet velocities coming 
out of the swirler passage and the flow is not uniform.  Clockwise rotation is observed for all 
swirlers with the intensity of rotation increasing in case of higher mass flow rate.  At z/d = -0.20, 
the flow structures from different swirlers begin interacting for both mass flow rates.  The flows 
begin to merge at z/d = -0.05 for both cases, thereby forming complex and unsteady structures.  
The intensity of rotation is slightly higher for the mass flow rate of 9.2 g/s.  At z/d = 0.5, which 
is downstream of the domeplate, the flows from different swirlers have almost merged into a 
single recirculation region with high rotation as displayed by streamlines.  The magnitude of 
negative velocities is higher at the center in case of high mass flow rate.  The flow will 
eventually become a single unified swirling flowfield further downstream.   
Figure 4.19 shows the isosurface of zero axial velocity (VBB) indicating the recirculation zones 
in both nozzles for mass flow rates of 6.7 g/s and 9.2 g/s respectively.  Small recirculation 
regions are observed around the swirlers for both cases.  The basic flow structure is the same for 
both nozzles in two cases.  However in case of  ?̇? = 9.2 g/s, the jets at the end of the nozzle start 
disintegrating.  This may be due to higher flow speed in case of high mass flow rate and a higher 
percentage of air escaping into the chamber.  Figure 4.20 displays the turbulent kinetic energy 
(TKE) contours at mid y-plane (y/d = 0) for different mass flow rates.  All mass flow rates show 
a decay of TKE as the flow moves downstream and beyond z/d = 2 they almost disappear.   
VBB 
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However the intensity of TKE increases with increasing mass flow rate.  This indicate a strong 
mixing between the jets as mass flow rates increase.  This helps to stabilize the flame in case of a 
reacting flow.  Figure 4.21 present line plots of axial and out of plane velocity along axial 
direction normalized by the nozzle diameter (d = 1 inch).  They provide a detailed picture of the 
complex flowfield.  The axial velocity line plots for both left and right nozzle centerline show 
the formation of the recirculation zone just downstream of domeplate.  The length of the 
recirculation zone extends to almost one fourth of the chamber length for all four cases.  The 
magnitude of reversed flow velocities increase with increasing mass flow rates.  The peak axial 
velocities also increase with increasing mass flow rates.  A minor difference in flows between 
the left and right nozzle centerline for all mass flow rates show that the axial velocity briefly 
reach a positive value after z/d = 2 briefly before again decaying to zero velocity further 
downstream in case of right nozzle centerline, while the left nozzle centerline displays no such 
behavior.  High axial velocities occur during combination of jets from both nozzles and decay 
rapidly as the jets begin to expand.  The out of plane velocity also display similar behavior for all 
mass flow rates, although both positive and negative flow magnitude increase with increased 
mass flow rates.  Here, the right nozzle centerline, again displays a distinct flow behavior 
compared to the left one, for all mass flow rates.  This discrepancy in flow structure for the right 
nozzle centerline needs to be further investigated.  However, the plot shows that the flow 
behavior from both nozzles are slight asymmetric as the flow moves downstream.   
Figure 4.22 provide line plots of axial(𝑉𝑧) and out of plane velocity(𝑉𝑦) along radial direction 
normalized by the nozzle diameter (x/d).  The center of the plot (x/d = 0) represents the center of 
domeplate which is also the center between two nozzles.  The negative side of the origin 
represents the right nozzle while the positive side represents the left one.  The plots have been 
taken at six axial locations of z/d = -0.4, 0.5, 1, 1.5, 3 and 6 respectively.  The negative values of 
z/d indicate axial locations upstream of the domeplate, while positive values indicate 
downstream location.  At z/d = -0.4, which is tip of the nozzle assembly, again the flow 
structures are similar for both axial and out of plane velocity at different mass flow rate.  
However, flows from the left nozzle are slightly faster than right nozzle although the flow 
behavior is symmetric.  At z/d = 0.5, both the axial and out of plane velocities are perfectly 
symmetric for both nozzles and as expected they rise with increasing mass flow rates.  Both axial 
and out of plane velocities exhibit well defined peaks, with corresponding maximum and 
minimum values at this location.  The magnitude of positive and reversed flow velocities 
increase with increasing massflow rate.  Hence significant velocity gradients between swirling 
flow and recirculation zone are observed with increasing air flowrates. Further downstream at z/d 
= 1, the axial velocity plot indicate that the flows have almost mixed particularly for the center 
jet in case of all flowrates.  It can also be seen that the peak axial velocity values decay as the 
flow moves downstream, from a value of   70 m/s at  z/d = -0.4 to around 12.5 m/s at z/d =1 for 
?̇? = 9.2 g/s.  The out of plane velocity at this location also display a decay in both positive and 
negative 𝑉𝑦 jet magnitude for all flow rates.   
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At z/d = 1.5, the merging of the jets along the inner shear layer are fully completed, but the 
decrease in maximum 𝑉𝑧   particularly in the center jet slows down.  This trend is exhibited at all 
flow rates.  The out of plane velocity displays the same behavior as at the previous downstream 
location, although both positive and negative flow magnitudes have decayed. The flow in the 
right nozzle has a higher negative velocity compared to left nozzle.  The peak axial velocity 
magnitude of the left nozzle is considerably higher than the corresponding peak value at the right 
nozzle for all flow rates.  At far downstream locations of z/d = 3 and 6 respectively, the peak 
axial velocity for all mass flow rates have decayed drastically as expected.  However the flow 
behavior of left and right nozzle are different for all mass flow rates.  The difference in peak 
axial velocity along the centerline between z/d = 1.5 and z/d = 3, increases with increasing flow 
velocity. The flow behavior at this location for both nozzles is asymmetric. The velocity at a 
mass flow rate of 5.2 g/s show an unusual behavior compared to the other three flow rates.  
Reversed flow velocities have almost disappeared for all flowrates.  The out of plane velocity at 
this location exhibits a flat profile observed in cases of wake flow occurring downstream of 
CTRZ.  At z/d = 6, the well defined peaks of axial velocity seen in previous downstream 
locations have eventually disappeared as the velocity profile has flattened out indicating uniform 
flow.  Similar out of plane flow behavior is also observed for all mass flow rates at this location.  
A general trend analyzed for all mass flow rates at downstream location is that the 𝑉𝑦 values 
from between nozzles is less than that at the outside of nozzles.  This is due to the fact that co-
rotating nozzles have opposite out of plane flow between the nozzles.  This reduction in flow 
inertia could contribute to the early reversing of flow into the recirculation zone in the inner 
shear layer.  There is substantial difference in the 𝑉𝑧 flow magnitudes in the recirculation region 
for different mass flow rates at various downstream locations.   
The above section aims to provide a detailed picture of the swirling flow behavior for this 
particular multiple nozzle configuration.  They conform to flow predictions and observations 
made by various theories and experiments involving multi nozzle swirl flow as well as the results 
of previous numeric analyses. 
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                                                 ?̇? = 5.2 g/s                                                         ?̇? = 6.7 g/s 
 
 
 
 
 
 
                                                ?̇? = 8.0 g/s                                                           ?̇? = 9.2 g/s 
 
 
Figure 4.20 Turbulent kinetic energy contour (P3= 101 kPa, T3 = 300 K, S = 1.36d) 
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    Left nozzle centerline   
 
 
 
 
 
 
 
 
      Right nozzle centerline   
 
Figure 4.21 Axial and out of plane velocity along normalized axial location (P3 = 101 kPa, 
T3 = 300 K, S = 1.36d) 
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Figure 4.22 Axial velocity and out of plane velocity along normalized radial location (x/d)    
at different axial stations (P3 = 101 kPa, T3 = 300 K, S = 1.36d) 
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4.2.2 Effect of Different Nozzle Spacing 
 
The objective of the above study is to understand the aerodynamics of the same nozzle assembly 
by changing the spacing between nozzles.  The numerical results obtained above have been 
compared to the PIV tests done by Dolan et al. (2015).  The numerical analysis was performed 
for the entire design model, while the PIV analysis was restricted from the domeplate center 
being the origin to 1.5d downstream of domeplate, due to constraints in experimental setup.  The 
nozzle spacing used for analysis are single nozzle, S = 1.1d, S = 1.36d, S = 1.89d and S = 2.72d 
respectively, ‘d’ being the nozzle diameter (1 inch).  Two different mass flow rates of ?̇? = 6.7 
and 9.2 g/s were used for study.  The flow structures have been described by contour plots.  The 
details of the flow have been described by line plots.  The temperature (T3 = 300 K) and pressure 
(P3 = 101 kPa) at inlet are the same as that used for previous studies.  The +z axis runs from left 
to right, hence flow in that direction is the axial velocity (Vz).  The velocity component normal 
to x-z plane i.e. y-velocity (Vy) is the out of plane velocity.  For a single nozzle case, Vy may 
also be considered as the tangential velocity.  Figures 4.23 and 4.24 exhibit the axial velocity 
contour (Vz) for five nozzle spacing and mass flow rates of 6.7 & 9.2 g/s respectively.  The 
plane is a zoomed view around the multiple nozzle- flametube region.  The flow is highly 
turbulent.  All individual nozzles produce a similar flow structure.  The high swirling motion of 
air result in the production of swirled jets (SWJ) as described previously.  They are highly 
symmetric for all nozzle spacing and extend far downstream into the chamber.  Some flow 
asymmetry have been observed at far downstream for all nozzle spacing.  As expected, both 
nozzles produce a recirculation zone along their central axis (CTRZ), although their size vary for 
different nozzle spacing.  For all nozzles the recirculation region initiates at z/d = -0.4 i.e. 
upstream of domeplate and its immediate vicinity represents a highly turbulent region.  For both 
massflow rates, closer spacing reveal a shorter and more compact CTRZ.  Another characteristic 
feature of turbulent swirling flow i.e. the corner recirculation zone (CRZ) are also observed for 
all nozzle spacing and both flow rates.  They are fairly symmetric except for the nozzle spacing 
of S = 1.1d.  Finally, a lateral recirculation zone (LRZ) as defined by Cordier et al (2014) have 
been observed for multiple nozzle cases except at S = 2.72d when the flow rate is 6.7 g/s.  
However for 9.2 g/s, LRZ have been observed for that particular spacing.  They are located 
between SWJ of nozzles and are bounded at the top by the meeting of those two.  They feature 
low levels of velocity and turbulent kinetic energy.  Large counter rotating vortices are observed 
within LRZ inducing slow recirculation.  The width and height of LRZ is dependent on nozzle 
spacing as will be evidenced later.   
The width of CTRZ is almost the same for all nozzle spacing and mass flow rate.  However, 
there is some considerable difference in height of CTRZ.  Table 4.3 provides height comparison 
of CTRZ for different cases.  It is clearly seen that smaller nozzle spacing lead to a shorter and 
compact CTRZ.  This is due to increased swirl activity between nozzles at smaller spacing.  As 
more massflow is being confined in the smaller space between nozzles, the closer spacing show 
higher axial velocity magnitude and velocity gradient.  The swirled jets reach far downstream 
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into chamber and consequently their size increases for decrease in nozzle spacing.  The length of 
CTRZ generally increases with increasing mass flow rate.  The left nozzle displays a 
significantly higher length of CTRZ compared to the right one.  The magnitude of reversed flow 
though was found to be a little higher for wider nozzle spacing.  The impingement from swirling 
jets begin very early for S = 1.1d and 1.36d respectively, thus enhancing mixing and turbulence 
intensity. 
For most cases, the flow is observed to be symmetric although some asymmetry is viewed 
towards far downstream from domeplate.  This is evident by the strong and long recirculation 
zone observed in many nozzle spacing for left nozzle compared to the right one.  All mass flow 
rate and nozzle spacing exhibit regions of reversed flow along the divergent venturi and at tip of 
the swirled nozzle assembly.   
The length of LRZ also increases with increased nozzle spacing for  ?̇? = 6.7 g/s.  This trend is 
followed till S = 1.89d.  At S = 2.72d, there is no significant recirculation zone observed between 
nozzles.  However as displayed in line plots, the jets from inner shear layer eventually merge at 
around z/d = 2.  The same behavior is observed for ?̇? = 9.2 g/s, where the size of LRZ increases 
with increased nozzle spacing as has been documented by Cordier et al (2014).  Here significant 
interaction of inner shear layer jets is visible for S = 2.72d.  The peculiar behavior at this nozzle 
spacing could just be an anomaly of this particular numerical analysis or it could be the 
limitation of RANS model to capture all the effects of such a highly turbulent and unsteady 
region.  Apart from that anomaly in that particular region downstream, the flow behavior for 
nozzle spacing case of S = 2.72d is similar to a single nozzle case for most of the chamber 
length.  This is due to the fact that the nozzles are so spaced apart, that the jets from inner shear 
layer never interact for most of the downstream region, and the flow from two nozzles although 
symmetric behave as individual flows.   
This is evident also from table 4.3, which lists the length of CTRZ from both left and right 
nozzle for all nozzle spacing cases.  The widest nozzle spacing have a CTRZ length closest to the 
one obtained for a single nozzle case.  It could be due to the fact that for wider spacing, the 
swirling flow is less confined which allows greater expansion and consequently the development 
of a strong adverse pressure gradient.  The CTRZ length of left nozzle is significantly larger than 
the right one for S = 1.36d in case of both massflow rates, and closer to lengths observed for 
single nozzle and S = 2.72d.  This peculiar behavior of S = 1.36d nozzle spacing remains an 
anomaly. 
Table 4.3 lists a peculiar behavior of nozzle spacing, S = 1.1d for airflow rate of 6.7 g/s.  It’s an 
exception to the general observation so far that the left nozzle exhibits longer CTRZ size.  This 
trend is followed for all other nozzle spacing at all mass flow rates.  In this case the length of 
CTRZ for right nozzle is longer compared to the left one.  Again this case could be considered a 
one off CFD anomaly and could be due to limitations of the grid size or RANS formulation at 
these zones of high gradient.  The table also indicates that there is not much difference in swirl 
numbers between different mass flow rates and nozzle spacing.  It could be due to the fact that 
the increase in circumferential velocity with increased mass flow rate and nozzle spacing is 
offset by an even greater increase in axial velocity for these conditions.  
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Figures 4.25 and 4.26 display the out of plane velocity contour for different nozzle spacing at 
mass flow rates of 6.7 and 9.2 g/s respectively.  As the nozzle spacing increase the jet angle 
spread further and the size of both positive and negative magnitude jets should increase, although 
in these cases not much difference in jet size is observed.  As both the nozzles are co-rotating, 
they have opposite out of plane motion between the nozzles, which reduces the flow magnitude 
downstream and contribute to the early reversing of flow into recirculation zone in the inner 
shear layer.  The flowfield between the left and right nozzles for all nozzle spacing and different 
mass flow rates are generally similar, although a few asymmetries have been observed especially 
at far downstream region.  Due to the wider spread of the jet angle for S = 1.89d and 2.72d 
respectively, the positive jets especially of right nozzle and tend to interact with walls of the 
chamber for both airflow rates.  They also have a slight shorter swirl jet size compared to other 
cases.   
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           Single Nozzle                                           S = 1.1d                                       S = 1.36d 
 
 
 
 
 
 
                                                    S = 1.89d                                                      S = 2.72d 
 
 
Figure 4.23 Axial velocity contour plot (P3 = 101 kPa, T3 = 300 K, ?̇? = 6.7 g/s) 
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                Single Nozzle                                 S = 1.1d                                      S = 1.36d 
   
 
 
 
 
 
                                                 S = 1.89d                                                 S = 2.72d 
 
Figure 4.24 Axial velocity contour plot (P3 = 101 kPa, T3 = 300 K, ?̇? = 9.2 g/s) 
 
S ?̇? (g/s) 𝑺𝑵 CTRZ length 
(left nozzle –z/d) 
CTRZ length 
(right nozzle –
z/d) 
Single Nozzle 6.7 0.77 3.5 - 
1.1d 6.7 0.75 1.6 2.1 
1.36d 6.7 0.75 3.4 2.2 
1.89d 6.7 0.72 2.7 2.7 
2.72d 6.7 0.75 3.4 2 
Single Nozzle 9.2 0.75 3.6 - 
1.1d 9.2 0.74 2.2 1.8 
1.36d 9.2 0.74 3.6 2.3 
1.89d 9.2 0.71 2.8 2.5 
2.72d 9.2 0.69 3.5 2.5 
 
Table 4.3 Swirl number and CTRZ length for different nozzle spacing 
  
114 
 
  
 
 
 
 
 
  
 
                Single Nozzle                                     S = 1.1d                                           S = 1.36d 
 
 
 
 
  
 
                                                         S = 1.89d                                              S = 2.72d     
 
 
 
 
 
Figure 4.25 Out of plane velocity (Vy) contour plot (P3= 101 kPa, T3 = 300 K,  ?̇? = 6.7 g/s) 
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      Single Nozzle                                      S = 1.1d                                            S = 1.36d 
   
 
 
 
 
 
                                                     S = 1.89d                                                S = 2.72d   
 
 
 
 
 
Figure 4.26 Out of plane velocity (Vy) contour plot (P3= 101 kPa, T3 = 300 K,  ?̇? = 9.2 g/s) 
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            Single Nozzle                                     S = 1.1d                                         S = 1.36d 
 
 
 
 
 
 
                                             S = 1.89d                                                  S = 2.72d 
 
Figure 4.27 In-plane (x-z) velocity streamlines with axial velocity contour plot background              
(P3= 101 kPa, T3 = 300 K, ?̇? = 6.7 g/s) 
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        Single Nozzle                                      S = 1.1d                                           S = 1.36d 
 
 
 
 
 
 
                                             S = 1.89d                                                       S = 2.72d 
 
Figure 4.28 In-plane (x-z) velocity streamlines with axial velocity contour plot background              
(P3= 101 kPa, T3 = 300 K, ?̇? = 9.2 g/s) 
 
Figures 4.27 and 4.28 exhibit 2D in-plane (x-z) velocity streamlines with axial velocity contour 
background at the zoomed region of nozzle assembly-chamber interface.  They depict the general 
fluid flow behavior in that region.  The counter rotating LRZ vortices increase in size as the 
nozzle spacing increases.  However the LRZ vortices are clearly not visible in contour maps of S 
= 2.72d nozzle spacing at massflow rate of 6.7 g/s.  CRZ have also been observed on both sides 
of the wall chamber for all nozzle spacing and they are more intense for single nozzle, with the 
intensity rising for increased nozzle spacing.  The size of CRZ also shrink for increased nozzle 
spacing in case of both massflow rates.  They also show the CRZ to be more intense towards the 
right wall. The streamlines also indicate small region of reversed flow along the divergent 
venturi and also at the tip of both nozzles. 
Figures 4.29-4.34 exhibit the axial velocity contours at different axial planes for mass flow rates 
of 6.7 and 9.2 g/s.  For ?̇? = 6.7 g/s and at z/d = -0.43 i.e. the throat of the venture section it is -
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seen that the flow is identical for all sets of swirler passages, in both nozzles for all nozzle 
spacing as they are separate from each other.  Some reversed flow is observed along the wall and 
the intensity of flow reversal at the center plane increases as nozzle spacing increase.                  
At z/d = -0.2, a recirculation region is observed in the center of plane for all mass flow rates, 
surrounded by a high velocity jet coming out of swirler vane passages.  Reversed flow regions 
are also seen along the wall corners.  Again different nozzle spacing exhibit the same flow 
features in this case.  At z/d = -0.05 which is just upstream of the domeplate, recirculation region 
from various swirlers have combined into a single flow at the center of plane.  They are 
surrounded by positive flow jets coming out of swirlers at wall corners.  The recirculation zones 
from the surrounding swirlers continue to stretch and deform due to the deformation of swirling 
flows near the wall.  The positive and negative jets coming out of various swirlers have started to 
mix at their interfaces and merge into a single recirculation zone as the flow moves downstream.  
The flow behavior in this plane appear to be similar again. At z/d = 0.5, which is downstream of 
the domeplate, the recirculation region at the center of the nozzles continue to expand and are 
surrounded by high velocity jet coming out of the swirlers,  for all nozzle spacing.  Furthermore 
small reverse flow region can also be observed near corners of the wall.  However at S = 1.1d, 
the jets in the inner shear layer between the nozzles have combined.  As the flow moves 
downstream, the jet streams from each swirler combine with each other and the velocity 
signatures of the original jet stream disappear along with recirculation zones at the wall corners 
and at the interfaces.       
 
 
 
 
 
 
              Single Nozzle                                     S = 1.1d                                           S = 1.36d 
 
 
 
 
 
                                              S = 1.89d                                                         S = 2.72d 
Figure 4.29 Axial velocity (Vz) contour plot (P3= 101 kPa, T3 = 300 K, S = 1.36d,               
?̇? = 6.7 g/s, z/d = -0.43) 
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               Single Nozzle                                   S = 1.1d                                        S = 1.36d 
 
 
 
 
 
                                           
                                          S = 1.89d                                                            S = 2.72d 
 
 
 
 
 
 
                  Single Nozzle                                     S = 1.1d                                        S = 1.36d 
 
 
 
 
                                                   S = 1.89d                                                     S = 2.72d 
  
Figure 4.30 Axial velocity (Vz) contour plot (P3= 101 kPa, T3 = 300 K, S = 1.36d,                
?̇? = 6.7 g/s, z/d = -0.20 & -0.05) 
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               Single Nozzle                                        S = 1.1d                                        S = 1.36d     
 
 
 
 
 
 
                                                 S = 1.89d                                           S = 2.72d 
 
 
Figure 4.31 Axial velocity (Vz) contour plot (P3= 101 kPa, T3 = 300 K, ?̇? = 6.7 g/s,            
z/d = 0.5) 
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The axial velocity behavior at different axial planes for ?̇? = 9.2 g/s is similar to the previous case 
although the magnitude of jet velocity increase due to high mass flow rate.  The intensity of the 
recirculation zone at the center of plane for z/d = -0.2, -0.05 and 0.5 is higher for wider nozzle 
spacing.  Again at S = 1.1d, the flows from inner shear layer have combined.  As the flow moves 
downstream, the jets from the inner shear layer will eventually combine for other nozzle spacing.  
These behavior will be explained in greater detail in velocity line plots.  It has also been 
observed that the magnitude of axial velocity decrease as the flow moves downstream for all 
nozzle spacing and massflow rates. 
 
 
  
 
 
 
 
 
            Single Nozzle                                    S = 1.1d                                           S = 1.36d 
 
 
 
 
 
                                               S = 1.89d                                                 S = 2.72d 
 
 
Figure 4.32 Axial velocity (Vz) contour plot (P3= 101 kPa, T3 = 300 K, S = 1.36d,                
?̇? = 9.2 g/s, z/d = -0.43) 
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            Single Nozzle                                       S = 1.1d                                           S = 1.36d 
 
 
 
 
 
 
                                     S = 1.89d                                                                  S = 2.72d   
 
 
 
 
 
  
               Single Nozzle                                    S = 1.1d                                               S = 1.36d 
      
 
 
 
 
                                             S = 1.89d                                                          S = 2.72d   
Figure 4.33 Axial velocity (Vz) contour plot (P3= 101 kPa, T3 = 300 K, S = 1.36d,              
   ?̇? = 9.2 g/s, z/d = -0.20 & -0.05) 
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                       Single Nozzle                            S = 1.1d                                     S = 1.36d 
 
 
 
 
 
 
                                           S = 1.89d                                                S = 2.72d   
 
Figure 4.34 Axial velocity (Vz) contour plot (P3= 101 kPa, T3 = 300 K,                                  
?̇? = 9.2 g/s, z/d = 0.5) 
 
Figures 4.35 and 4.36 exhibit the turbulent kinetic energy contour for different nozzle spacing 
and mass flow rates of 6.7 and 9.2 g/s respectively at mid y-plane.  The contour plots indicate 
increased turbulent activity along the air swirlers and just downstream of the domeplate for all 
nozzle spacing and both mass flow rates.  The magnitude of TKE increases in these zones for 
higher mass flow rate.  The region between the nozzles show less turbulence activity as the 
nozzle spacing increases.  At S = 1.1d, the area of low turbulence region is very small as the 
flows at inner shear layer mix and merge just downstream of domeplate.  This area increases 
with increased nozzle spacing.  The region along the swirled jets are regions of high turbulence 
as well.  The region of high turbulent kinetic energy aids in mixing flow and greatly helps in 
maintaining the stability of recirculation zone.  This effect is useful in case of reacting flows as 
good mixing regions steepen and shorten the flame making it much more stable and efficient.  
From the contour plots it can thus be concluded that turbulence and jet mixing increases with 
decrease in nozzle spacing for both massflow rates.  This could be attributed to the fact that the 
jet from both nozzles tend to interact early for closer nozzle spacing.  
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            Single Nozzle                                     S = 1.1d                                          S = 1.36d 
 
 
 
  
 
                                                     
                                                      S = 1.89d                                           S = 2.72d   
 
 
 
 
Figure 4.35 Turbulent kinetic energy contour (P3= 101 kPa, T3 = 300 K, ?̇? = 6.7 g/s) 
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              Single Nozzle                                    S = 1.1d                                          S = 1.36d  
 
 
 
 
 
 
                                                     S = 1.89d                                            S = 2.72d   
 
 
 
 
Figure 4.36 Turbulent kinetic energy contour (P3= 101 kPa, T3 = 300 K, ?̇? = 9.2 g/s) 
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                                    S = 1.1d                                                                S = 1.36d  
 
 
 
 
 
 
 
                                    S = 1.89d                                                               S = 2.72d 
 
Figure 4.37 Axial velocity along axial centerline (P3 = 101 kPa, T3 = 300 K) 
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                                  S = 1.1d                                                                S = 1.36d  
                                    
 
        
 
 
 
                                                                                                                                        
                                 S = 1.89d                                                              S = 2.72d 
 
Figure 4.38 Axial velocity along inner shear layer (P3 = 101 kPa, T3 = 300 K)    
z/d 
x/d 
z/d = 0.5, 1, 
1.5, 2 
z/d = 6 
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Figure 4.39 Axial velocity and out of plane velocity along normalized radial location (x/d)    
(P3 = 101 kPa, T3 = 300 K, z/d = 0.5) 
right nozzle centerline left nozzle centerline 
right nozzle centerline left nozzle centerline 
right nozzle centerline left nozzle centerline 
right nozzle centerline left nozzle centerline 
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Figure 4.40 Axial velocity and out of plane velocity along normalized radial location (x/d)    
(P3 = 101 kPa, T3 = 300 K, z/d = 1) 
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                                                                   S = 1.89d                                                                    
                                                                           
 
   
 
                                                                   S = 2.72d 
                                                                   
 
 
Figure 4.41 Axial velocity and out of plane velocity along normalized radial location (x/d)    
(P3 = 101 kPa, T3 = 300 K, z/d = 1.5) 
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Figure 4.42 Axial velocity and out of plane velocity along normalized radial location (x/d)    
(P3 = 101 kPa, T3 = 300 K, z/d = 2) 
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                                                                      S = 1.36d      
                                                                          
 
  
                                                                           
 
                                                                      S = 1.89d 
                                                                          
 
 
 
                                                                      S = 2.72d  
 
                                                                           
Figure 4.43 Axial velocity and out of plane velocity along normalized radial location (x/d)    
(P3 = 101 kPa, T3 = 300 K, z/d = 6) 
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Figure 4.37 highlights the axial velocity variation along axial centerline of the flametube for 
mass flow rates of 6.7 and 9.2 g/s at four different nozzle spacing.  The single nozzle case has 
been excluded.  The numerical result have been compared with PIV result for the flowrate of 6.7 
g/s.  The plots show that the peak axial flow velocity for both massflow rates and the PIV case 
occurs further downstream from domeplate as the nozzle spacing increase.  The magnitude of the 
peak axial velocity also decreases with increased nozzle spacing.  This is due to more massflow 
being confined in the smaller space between nozzles which increases flow activity.  No reverse 
flow is observed for all four cases.  PIV results predict a much higher peak axial velocity of 
around 20 m/s at S = 1.1d, while for S = 1.36d, the peak axial velocity it predicts is significantly 
lower at 10 m/s and consequently lower axial velocities for wider nozzle spacing.  No such wide 
discrepancy in peak axial velocity magnitudes have been observed in numerical results.  In 
general the velocity at centerline grows during jet combination and decays during additional 
expansion for all nozzle spacing.  Location of jet combination depends extensively on the nozzle 
spacing (S).  
Figure 4.38 exhibits the axial velocity variation in the inner shear layer for all nozzle spacing.  
The PIV results at massflow rate of 6.7 g/s have been included for the validation of numerical 
results.  Although the PIV results predict a constant peak axial velocity of around 20 m/s for all 
nozzle spacing, the CFD results display an increase in peak axial velocity magnitude for 
increased nozzle spacing till S = 1.89d.  Some differences in PIV and CFD result have been 
observed especially with respect to predicting peak velocity magnitudes.  This maybe attributed 
to the inability of RANS model to accurately predict flow behavior at region of high velocity 
gradient and strain rate.  Apart from that the general flow behavior predicted for both massflow 
rates shows excellent match with PIV data.  The flow behavior is opposite to that observed from 
flows along the centerline of the chamber.  The axial velocity decays quickly during expansion 
from nozzle and slows down when jets have merged. 
Figures 4.39-4.43 exhibits the axial velocity (Vz) and out of plane velocity (Vy) variation along 
normalized radial location (x/d) for different nozzle spacing at five axial stations of z/d = 0.5, 1, 
1.5, 2 and 6 respectively.  The center of the plot (x/d = 0) represents the center of the domeplate 
which is the center between the two nozzles.  The negative side of the origin represents the right 
nozzle while the positive side represents the left one.  The numerical axial and out of plane 
velocity values at z/d = 0.5, 1 and 1.5 have been compared to the corresponding PIV values of 
Dolan et al (2015).  The single nozzle flow velocities for all axial locations are very similar to 
flow from two nozzles, when their inner shear layers have not combined.     
At an axial location of z/d = 0.5 which is just downstream of the domeplate, the axial velocity for 
a single nozzle show well defined peaks with corresponding minimum and maximum values.  
The out of plane velocities for a single nozzle have been compared to the corresponding PIV 
values.  Since the nozzle is at the center of the domeplate for numerical analysis and at the left 
side for PIV, differences are observed in the location of curves, although the flow behavior and 
magnitude of positive and negative jets are almost similar to PIV results.  
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For S = 1.1d at an axial location of z/d of 0.5, the 𝑉𝑧 jets between nozzles from shear layers have 
merged.  So it is immediately obvious, that inter nozzle spacing has an effect on the location and 
value of maximum flow velocity.  There are some differences between the peak CFD 𝑉𝑧 values 
and those measured by PIV especially at the center of domeplate at massflow rate of 9.2 g/s.  
While the numerical analysis predict a 𝑉𝑧 value of about 17 m/s, the PIV analysis show it to be 
unusually high at 25 m/s.  The reason for this discrepancy is currently unknown and is usually 
some form of anomaly.  Maybe by running a higher order solution or better RANS model, the 
numerical values at that location might agree more closely with the PIV results.  It could also be 
due to occurrence of reflection during PIV measurements for that particular location which are 
highly turbulent and unsteady.  The numerical 𝑉𝑧 values along other radial locations agree more 
closely with the corresponding PIV values.  The numeric and PIV out of plane velocity (𝑉𝑦) 
values for S =1.1d, predict symmetric flow behavior along both nozzles, and higher mass flow 
rate increase both positive and negative velocity magnitudes as expected.  At S = 1.36d, the axial 
and out of plane values of PIV agree more closely with CFD values.  However the CFD data 
underpredicts reversed flow velocities compared to PIV data for almost all radial points.  At S = 
1.89d and 2.72d respectively, the PIV values agree more closely with CFD values for both 𝑉𝑧 and 
𝑉𝑦 at almost all radial locations.  However it still underpredict velocity magnitudes compared to 
PIV results.  It can also be seen that the nozzle spacing has little effect on reversed flow 
velocities as exhibited by both CFD and PIV data. 
At z/d = 1, which is further downstream of the domeplate, both CFD and PIV results predict 
decay of 𝑉𝑧 and 𝑉𝑦 values for all nozzle spacing and different massflow rates.  The positive 𝑉𝑧 jets 
of the shear layer decay as the flows begin to mix.  However flow in the recirculation region 
continues to change downstream in both experiment and numeric analysis.  The 𝑉𝑦 values as 
predicted numerically continue to conform to experimental values for a single nozzle.  For S = 
1.1d the, CFD data at massflow rate of 6.7 g/s agree closely with the PIV data in case of both 𝑉𝑧 
and 𝑉𝑦.  At nozzle spacing of 1.36d, the inner shear layers of 𝑉𝑧 jets have already merged as per 
the numeric data.  The experimental data predict the merging of inner shear layer flows at around 
z/d = 0.75.  This is true for both mass flow rates.  The out of plane velocity maps for S = 1.36d at 
z/d = 1 exhibit that PIV and CFD flow behavior for both massflow rates to be almost similar, 
although CFD overpredict negative velocity values.  They also predict that the flow between 
nozzles is less than that outside of it.  This is due to the fact that the co-rotating nozzle have 
opposite out of plane flow.  This reduction in flow inertia downstream of z/d = 0.5 could 
contribute to early reversing of flow in the inner shear layer as discussed previously.  Both S = 
1.1d and 1.36d show well defined peaks and consequently decrease in peak velocity magnitude.  
They also predict a flow more inclined towards the left nozzle especially in CFD analysis.  
However the general behavior of out of plane velocity flows for both nozzle spacing are almost 
similar in both PIV and CFD analysis.  While the axial flows are generally symmetric between 
nozzles for all nozzle spacing at z/d = 1, they still show significant asymmetric behavior 
especially in the recirculation region.  The out of plane velocities at different nozzle spacing also 
show asymmetric behavior especially in the reversed flow region.  The reversed flow is stronger 
at positive x/d for these nozzle spacing.  At S = 1.89d and 2.72d, the general flow behavior 
predicted by CFD is again similar to PIV.   
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The peak axial velocity continue to decay for these nozzle spacing and significant reversed flow 
region is present.  The flow is asymmetric with reversed flow stronger at positive x/d.  The 
reason for these asymmetries could be due to small differences in experimental geometry or 
minor errors during numerical analysis.  However multi-nozzle asymmetries have also been 
reported by Kao et al (2014) and Fu et al (2008) previously.  If it is a mechanism created due to 
nozzle interaction, then it could be secondary effects to changes in flowfield, due to simple 
changes in inlet mass flow distribution and geometry.   
At z/d = 1.5 and for S = 1.1d, there is little change in peak axial velocity particularly in the center 
jet after the inner shear layers have merged.  This is particularly true for both experimental and 
numerical analysis at a massflow rate of 6.7 g/s.  However, the massflow rate of 9.2 g/s show 
some considerable difference along the center peak axial velocity.  Both CFD and PIV results 
also predict almost no reversed flow at this location and the flow is almost completely in the 
downstream location.  The out of plane velocity again show some differences in both positive 
and negative jets for two massflow rates.  However the difference in magnitudes are higher 
compared to previous downstream location.  The same flow characteristics have also been 
observed for S = 1.36d, although the numeric plots predict little regions of reversed flow.  The 
out of plane flow for this spacing display a similar behavior as that for the previous downstream 
location.  At S = 1.89d, the flows from the inner shear layer have merged in both PIV and CFD 
analysis, although for massflow rate of 9.2 g/s, they have not merged completely.  However, the 
out of plane flow shows a peculiar behavior in the right nozzle, especially for a massflow rate of 
9.2 g/s.  It could be due to greater effect of lateral recirculation zone.  At S = 2.72d, the nozzle 
flows are still distinct for both PIV and numerical analysis and the maximum 𝑉𝑧  continue to 
decrease.  At this location both CFD and experimental plots predict significant reversed flow 
region at this location.  A stronger recirculation zone for wider nozzle spacing could be due to 
the fact that swirling flow is less confined, which allows greater expansion and development of a 
stronger adverse pressure gradient.  The numerical flow behavior at this spacing for massflow 
rate of 6.7 g/s is significantly different from that predicted by PIV along the left nozzle.  This 
could be due to limitation of RANS model to accurately predict the flow behavior along that 
region.  Significant differences in flow behavior between CFD and PIV data become prevalent 
further downstream.  The out of plane flow at S = 2.72d follow similar trend as that displayed by 
other nozzle spacing.   
At z/d = 2, no PIV results are available due to experimental constraints and limitations of 
measuring equipment.  The peak axial velocity along the center continue to decrease for single 
nozzle, S = 1.1d and 1.36d.  S = 1.89d shows a complete merger of the inner shear layers for 
both massflow rates.  At S = 2.72d, the shear layer flows between the nozzles have finally 
merged.  This is also visible in contour maps especially for massflow rate of 9.2 g/s.  Hence the 
peak axial velocity doesn’t decay drastically from previous downstream location.  However 
there’s no mixing between the inner shear layers visible in contour plots for massflow rate of 6.7 
g/s, although the line plots predict merging of flows at this downstream axial location.   
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The out of plane velocities for these two wider spacing show a flat profile indicating mixing 
between the inner shear layers. 
At z/d = 6, all nozzle spacing show a flattened profile with both decreasing 𝑉𝑧 and 𝑉𝑦 
magnitudes.  They indicate that jets from different nozzles have completely mixed and formed a 
uniform flow.  The measurements of single nozzle case and S = 2.72d are very similar as the 
flows do not combine for that particular nozzle spacing for almost quarter the chamber length.   
 
 
 
 
 
 
 
 
 
                                 z = 0.25d                                                                  z = 0.5d  
 
 
 
 
 
 
 
  
                                    z = d                                                                         z = 2d 
 
Figure 4.44 Axial velocity along normalized radial location (x/d) for different nozzle 
spacing at different downstream axial locations (P3 = 101 kPa, T3 = 300 K, ?̇? = 6.7 g/s) 
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Figure 4.44 display the evolution of axial velocity at different downstream locations for each 
multi-nozzle spacing at a massflow rate of 6.7 g/s.  The center of the plane (x/d = 0) is aligned to 
the center of the left nozzle.  They highlight differences in the growth of shear layer.   
At z/d = 0.25 for all spacings, distinct Vz peaks have been observed and hence all of them have a 
similar peak axial velocity magnitude.  As discussed before the axial velocity profile show well 
defined peaks close to the domeplate and as the flow progresses downstream, they begin to mix 
and the peak velocity values decrease.  This trend has been observed both in CFD and 
experiments.  The various nozzle spacing show different axial velocity profile behavior after the 
jets from inner shear layer have merged.   
For S = 1.1d the flows from inner shear layer between nozzles merge at z/d = 0.5 as shown in the 
figure above.  The PIV data also predicts the inner shear layer jets merger for this particular 
nozzle spacing at the same downstream location.  After merging of jets there is little decrease in 
peak axial velocities particularly in the center jet.  Again, the CFD analysis conforms to the 
experimental observations.  Finally at z/d = 2 downstream of domeplate the peak axial velocity 
decays as the flow begins transition to a single unified behavior.   
For S = 1.36d, the flows from inner shear layer have merged by z/d = 0.75 in PIV analysis.  
However the CFD data predict the mixing of inner shear layer flows at z/d =1.  For S = 1.89d, 
the flows from inner shear layer have merged at z/d = 1.25 as per PIV data while the numeric 
analysis reveal that merging of flows take place at z/d = 1.5.  For S = 2.72d, the numerical data 
reveal the merging of inner shear layer flows eventually at z/d =2.  There is no PIV data 
available beyond z/d = 1.5 and so this observation cannot be validated.  This feature is not 
observed in the contour plots for massflow rate of 6.7 g/s, but is clearly visible in line plots.   
These analyses indicate that inter nozzle spacing has an important effect especially after axial 
flow in the inner shear layers merge.  As more massflow is confined at smaller space between 
nozzles, the closer nozzle spacing show a higher 𝑉𝑧 than those at a wider spacing for all 
downstream locations.  They also reveal that inter nozzle spacing play a minor although 
important role in maintaining reversed flow velocities in the recirculation region.  At closer 
spacing the magnitude of velocity at the recirculation region is slightly smaller.  At z/d = 0.25, 
for S = 1.1d, the minimum flow velocity is -6 m/s while it is around -8 m/s for S = 2.72d.  The 
more significant change as far as recirculation region is concerned is how long it persists.        
For S = 1.1d there is almost no significant reversed flow at z/d =1 and by z/d = 2, the flow is 
completely in the downstream direction.  However for S = 2.72d, there is still significant 
reversed flow at this particular downstream location.  As discussed previously, wider nozzle 
spacing develop stronger recirculation region and manage to sustain it far downstream compared 
to the narrow spacing.  This could be attributed to the fact that for wider spacing the flow is less 
confined, which allows greater expansion and hence development of a stronger axial pressure 
gradient.  All nozzle spacings except S = 1.89d have a similar expansion rate of the shear layer 
jet.  For S = 1.89d, the inner shear layer grows radially further and at a faster rate, which creates 
a wider mixing region with lower axial velocities at further downstream locations.  The physical 
mechanism could be similar to behavior where planar jets can be deflected towards an adjacent 
jet or wall. 
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Chapter 5 
 
Conclusions & Scope for Future Work 
 
5.1 Current Work 
 
The non-reacting flowfield of a swirl stabilized lean direct injection (LDI) nozzle was studied 
using numerical simulations.  Two separate studies were conducted.  The first study analyzed the 
effect of swirl on a turbulent flowfield in a rectangular chamber with sudden expansion, where 
the complex nozzle system housing air swirlers and a fuel injector were replaced by simple 
cylindrical inlets.  The second study analyzed typical aerodynamic flow features associated with 
the actual system and results obtained were compared to the available time averaged PIV data.  
The domain for conducting simulations were the entire geometry in both cases.  The nozzles 
were designed and provided by United Technologies Aerospace Systems (UTAS) and was 
intended for use in low emissions, multiple nozzle lean direct injection combustor concept.   
Steady RANS was used for both cases.  For the first problem, RANS formulation was performed 
using realizable k-𝜖 model.  Different swirl intensities were incorporated at the cylindrical inlet 
to study the changing structure of flowfield.  The flow is driven by the strong interaction 
between swirling shear layer instabilities and flow instabilities driven by sudden expansion of 
rectangular chamber.  The results show that optimum swirl intensity makes the flowfield much 
more stable than a flowfield without it.  Both strong and weak swirl effects were captured.  The 
solution captures complex flow structures such as the formation of reverse flow region along the 
chamber walls (CRZ), and complex central toroidal recirculation zones (CTRZ) along the central 
axis of both inlets in cases of strong swirl.  It was concluded that the increase in mixing and 
stability of recirculation zone are directly proportional to intensity of induced swirl.  It was also 
found that the corner recirculation zone reduced in size with increasing swirl intensity.  The 
length of swirled jets is found out to be inversely proportional to increasing intensity of swirl.   
The second numerical analysis of the actual geometric model was further subdivided into two 
sections.  The first section studied the flowfield changes in this complex model by incorporating 
different mass flow rates for the same nozzle spacing of S = 1.36d using the same inlet flow 
conditions.  The RANS calculations were performed using the SST k-𝜔 turbulence model, as the 
numeric results from it conformed better to PIV results.  The solution capture the essential flow 
features of the LDI combustor such as complex swirling flow structures inside swirlers and 
chamber, large central recirculation zone formed along the central axis of both nozzles 
originating from the tip of fuel injector and reverse flow regions along the corner walls and 
upstream of domeplate with reasonable accuracy.  Furthermore the solution also captures the 
highly complex flow interaction among swirlers and the dynamic behavior of the large scale  
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turbulent structures occurring along the proximity of chamber and nozzles.  They reveal a large 
degree of unsteadiness in the flowfield. 
The second section analyzed the change in flowfield structure when the spacing between nozzles 
was varied from 1.1d to 2.72d.  A single nozzle case was also used as a comparison.  The 
comparison between experiment and numerical analysis provide valuable information.  The 
effect of inter-nozzle spacing result in flows, where the nozzles interact strongly to a case where 
nozzles do not interact atleast for most of the axial locations.  The various features of the 
flowfield seem to be affected by nozzle spacing, such as modifications in swirled jet penetration 
and opening jet angle result in changes in size of CTRZ and LRZ respectively.  Increased nozzle 
spacing generally increase the size of both CTRZ and LRZ.  Most of the differences in flowfield 
between different nozzle spacing occur downstream of domeplate, after jet from inner shear 
layers combine into a single flow.  This aspect of the flowfield is observed at different 
downstream location for different nozzle spacing.  For S = 1.1d, the inner shear layers have 
completely merged at z/d = 0.5 as per CFD and PIV calculations.  In contrast, at S = 1.36d, the 
jets from inner shear layer combine just before z/d = 1 as per PIV data while the CFD results 
predict them to occur at exactly z/d =1.  At S = 1.89d, experimental results predict inner shear 
layer flows merge at z/d = 1.25, while numerical results predict them to merge at z/d = 1.5.  By 
comparison, at S = 2.72d, the jets from inner shear layers don’t merge as per PIV results, in its 
limited area of operability, while the CFD analysis predict the merging of jets at a far 
downstream location of z/d = 2.  S = 1.89d also shows some discrepancy in jet flow between 
nozzles compared to other nozzle spacing.  This has been predicted in both experimental and 
numeric analysis.  The jet spreading angle for this particular nozzle spacing is more variable than 
other cases.  It forms a wide and low velocity combined flow between the nozzles compared to 
other cases, as the swirl from each nozzle interact significantly.      
The experimental and numeric analysis also reveal that inter nozzle spacing play a small 
although important role in maintaining reversed flow velocities in the recirculation region.  
Wider nozzle spacing develop stronger recirculation zone and manage to sustain it far 
downstream compared to narrow spacing cases.  These factors can be taken into account for 
reacting flows as they influence the stability of flame.  There have been a few nozzle to nozzle 
asymmetries observed especially downstream of the domeplate in CFD analysis.  The reason for 
them occurring could be due to quality of grid or limitation of RANS model to completely 
predict flow features at region where highest flow gradients and turbulence occur.  However the 
calculated mean axial and out of plane velocities exhibit good agreement with PIV values, 
although few differences have been observed at far downstream locations.  The general flow 
behavior predicted by CFD for this design model is similar to PIV predictions, and thus offer 
encouragement for doing future analysis.  
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5.2 Future Work 
 
Despite detailed investigations into the behavior of multiple nozzle systems, many queries 
persist.  For this particular geometric configuration a particular set of inlet conditions with 
respect to temperature and pressure were used while addressing certain problems.  For future 
studies, the temperature and pressure conditions can be changed and effect on the flowfield can 
be studied.  The flowfield changes due to reacting flows also need to be addressed for better 
system design in the future to ensure clean, stable and efficient combustion.  Further insight on 
flowfield changes due to number of nozzles are useful topics for exploration to better understand 
linear multiple nozzle arrays and their advantages.  Due to a constraint in availability of 
computational resources, unsteady flows were not computed.  It will be interesting for future 
research to address unsteady RANS and LES approach to capture time dependent features of the 
flow.  They offer a useful scope for future study.  The impact on flow structure for this particular 
nozzle configuration by using complex turbulence models like RSM, LES and DES can also be 
investigated for future analysis.  They might offer a far better prediction of the actual flowfield.   
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